Some Aspects of Hydrodynamic Lubrication - Effects of Non-Newtonian Behavior, Additives and Electromagnetic Fields in Lubrication by Zaheeruddin, Khwaja
SOIMffi ASPECTS OF HYDRODYNAMIC 
LUBRICATION 
EFFECTS OF NON-NEWTONfAN BEHAVIOR, ADDITIVES 
AND ELECTROMAGNETIC FIELDS IN LUBRICATION 
A THESIS SUBMITTED 
IN PARTIAL FULf^lLMENT OF THE REQUIREMENTS 
FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 
By 
Khu/aja Zaheeruddin 
to the 
DEPARTMENT OF MECHANICAL ENGINEERING 
Z. H. ENGINEERING COLLEGE 
ALIGARH MUSLIM UNIVERSITY 
A L I G AR H 
T2035 
GHRCX?'^  ^"^"T' 
l ^ p n ' ^ C W90i 
-• ^ 'sKC 
I V 
7iCK1^0\vLEDGBiMT 
I s h a l l eve r r ema in d e e p l y i n d e b t e d and e x t r e m e l y 
i j r a t t f u l t o Dr. Mohammad I s a and P r o f e s s o r K ^ r r Afzal 
wno have g u i d e d me t h r o u g h o u t t h i s work and w i t h o u t 
\ nose i n v a l u - ' b l e g u i d a n c e and encou ragemen t , t h e 
i n v e s t i g a t i o n s c o n t a i n e d i n t h i s t h e s i s would n o t have 
been p o s s i b l e . 
I am g r a t e f u l t o CSIR and UGC f o r p r o v i d i n g f i n a n c i a l 
a s s i t a n c e i n c a r i y i n g o u t t h e p a r t of t h e r e s e a r c h w^rk . 
I am a l s o t h a n k f u l t o B r o f e s s o r J . A . M u n i r , P r « f e s s « r 
M.Y.Ansar i and P r o f e s s o r W.A.Khan, f c r t h e i r c o n s t a n t 
i n s p i r a t i o n i n t h i s w«ik . 
F i n a l l y , I must e x p r e s s my i n d e b t e d n e s s t o my w i f e 
' F a t m a ' f o r h e r g r e a t h e l p and f o r e b e a r a n c e d u r i n g t h e 
p r e p a r a t i o n t f t h i s w«ric'. 
Ja ted: F e b r u a r y 20, 1 9 7 8 . (Khwaja Zahee rudd in ) 
CONTENTS 
SYNOPSIS i x - x i i i 
LIST OF SI1I30LS x i v - x x i i i 
GiiAPTER I INTRO JUG TI ON 1 
1 . 1 Power Law H u i d L u b r i c a t i o n 5 
1 .2 Micro p o l a r i l u i d L u b r i c a t i o n 8 
1 . 3 E f f e c t s t f E l e c t r i c a l and M a g n e t i c 12 
f i e l d s i n P l u i d L u b r i c a t i o n 
CHAPTER I I THEaiAL EFFECTS liM SQUEEZE FILL AND 
EXTERNALLY PRESSURISED BEARINGS V»ITH 
PO\'*ER LA\- LUBRICANTS 
2 .1 B a s i c E q u a t i o n s 1"^  
2 .2 s q u e e z e F i lm Between Two P a r a l l e l 21 
P l a t e s 
2 . 3 Squeeze Fi lm Between Two C i r c u l a r 25 
PI a t es 
8 .4 E x t e r n a l l y P r e s s u r i s e d C o n i c a l S t e p 2'^  
Bea r ing 
2 . 5 N o n - C o n t a c t i n g Hydro s t a t i c S t e p 32 
Sea l 
2 .6 R e s u l t s and D i s c u s s i o n s 35 
V I 
CxiAPTER I I I STEP BEARIl^GS \*ITIi MCROPOLAK LUBKLC.A.V^ 
3.1 Basic Equation 52 
3.2 Squeeze Film Parallel Plate step 
Bearing 5G 
3.3 squeeze illm Circ^ilar Plate Step 
Bearing fiC 
3 . 4 Re s t i l t s and D i s ' - ^ s s i o n s S-i 
C-iAPTER IV HYDROSTAx'IC STIP 3E/1L MD EXTERNALLY 
PRESSURISED CONICAL STEP BEARING \<ITh 
MICROPOLAR LUBRICANT 
4.1 Basic Equations '^ 2 
4 . 2 N o n - C o n t a c t i n g H y d r o s t a t i c S t ep 
S e a l '^5 
4 - 3 E x t e r n a l l y P r e s s u r i s e d C o n i c a l 
S t e p B e a r i n g 6C 
4 . 4 R e s u l t s and D i s c u s s i o n s ^'5 
CH.\PTER V ONE DILENSIOHAL JOURNAL BE.iRINGS 
OPERATING \(ITrI LICROPOLAR LUBRICMT 
5.1 Basic Equations 9^" 
5 . 2 I n f i n i t e l y Long J o u r n a l B e a r i n g 9 5 
5 . 2 a P o r c e Of F r i c t i o n 9 3 
5. 2b s q u e e z i n g E f f e c t 100 
5.3 Infinitely Short Journal Bearing lOl 
5,3a Perce of Friction 104 
5.4 Results and Discussions 104 
V I X 
CHjJ'TLR / I CHARACTLHISTICS OP POROUS JOURi-^;jj 
BLARINGS V«ITH MICROPOLAR LUBRIC/u^TS 
6 .1 Porous Journa l Bear ings 109 
6.1a G-enera'.izatlcn of Darcy' s Law fo r 
Micro p o l a r H u i d l l 2 
6.1b Force of P r i c t i o r 11^1 
6 .2 Squeeze Film Porous Jou rna l Bearing 1 pi 
6 . 3 Squeeze Fi lm S p h e r i c a l P o r o u s 15^7 
B e a r i n g 
6 . 4 D i s c u s s i o n s 135 
CfijiPTER VII MAGNLTOHYDRODYKiAilC STEP SLIDER 
BEARING \7lTH NOi^'-UNIPOB- ELECTRIC 
MD MAGl^ ETIC FIELDS 
7.1 Basic Equat ions 142 
7 .2 1>-HD Step S l i d e r Bearing 145 
7 . 3 R e s u l t s and D i s c u s s i o n s 157 
CR;J>TER VI I I EXTERNALLY PRESSURISED k AGNETO HYDRO DYE .J,.IC 
POROUS CON DUG TI EG THRUST PLATES 
8.1 MHD Porous Conducting Thrust P l a t e s l 6 S 
8 .1a Squeezing, Effect 17 4 
8 .2 IVihD Porous Conducting C i r c u l a r 
Thrust P l a t e s 17« 
8. 2U Squeezing Effect 17P 
8.3 R e s u l t s and Di scuss ions l*""^"^  
V l l l 
ClitlPTER IX EXTERNALLY PRESSURISED MAGNETO-
HYDRO DYNAMIC PARTI/LL POROUS 
STEPPED THRUST PLATES 
9 .1 Bas ic Equat ions ^'^^ 
9.2 MliD P a r t i a l Porous Conducting 
Thrust P l a t e s lOP 
9. 3 MHD P a r t i a l Poruus Conducting 
C i r c u l a r Thrust P l a t e s 19 3 
9 . 4 Conclusions ^2 
CHAPTER X EPPECTS O^ H' ADDITIVES IN EXTERNALLY 
PRESSUSISED MAGNETO HYDRO DYNBIIC 
POROUS THRUST BEARING 
1 0 . 1 Basic Equat ions ?09 
1 0 . 2 R e s u l t s and D i s c u s s i o n s SL? 
REFERENCES 2S2 
I X 
SYNOPSIS 
o f 
TriB Ti-iESiS l!l^TITLED 
SOME ASPECTS OP HYDRODYi^ ilviIC LUBRICATIOI^: 
E f f e c t s of non-Newton ian Lehavicu . r , 
a d d i t i v e s and e l e c t r - ^ m a g n e t i c f i e l d s i n 
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f r i c t i ona l forces increase as the parameter character is ing 
the concentration of the micro s t ruc tu res increases . 
In Chapter-VI, the general ised Reynold's equation 
e^cverning the pressure in the film of micropolar f lu id 
lubr ica ted porous journal bearing i s derived and i t s 
appl icat ions to i n f i n i t e l y narrow porous journal bearing, 
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studied. The effects of addi t ives on the var ious 
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current. The load capacity and f r i c t i o n a l forces decrease 
as the step height r a t io increases . 
In Chapter-VIII, the c h a r a c t e r i s t i c s of external ly 
pressur ised porous conducting th rus t bear ings are studied 
in presence of uniforuily applied t r ansverse magnetic f i e ld . 
X I 1 
Ihe effects of supply pressuve, permeability, surface 
conductivity and the applied magnetic f i e l d on the load 
capacity are studied, and i t has been shown that the time 
cf approach increases as the conductivity and the s t rength 
of the applied magnetic f ie ld increases . 
In Chapter-IX, the cha r ac t e r i s t i c s of external ly 
pressurised par'oial porous stepped th rus t bearings are 
studied in the presence of uniformly applied t ransverse 
magnetic f i e ld . I t has 'oeen shown tha t the load capacity 
of the bearings increases as step loca t ion , step r a t i o , 
porcs i ty , conductivity -md the s t rength of the applied 
magnetic f i e ld increases . 
In Chapter-X, the effects of addi t ives in the base 
lubr icant en the performance c h a r a c t e r i s t i c s of externally 
pressur ised porous thrust bearing are analysed in the 
presence of t ransversely applied magnetic f i e ld . I t has 
been shown that the load capacity apart from increasing wi-^ "h 
the increase in the s trength of the applied magnetic f ie ld 
also increases as the concentration of the addi t ives or as 
the mass t ransfer parameter increases . 
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respectively 
h„ final value of the film thickness 
h st ep height 
s 
X V I 1 
h-, , h , h - dimeritiionless f i lm t h i c k n e s s aa defined 
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t h i ckness of the p l a t e 
H induced magnetic f i e l d i n x - d i r e c t i o n 
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I-,, I . I , non-dimensional c u r r e n t s (def ined i n 
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k r a t e of maes t r a n s f e r at t h e s u r f a c e 
k ' r a t e of chemical r e a c t i o n 
k r a d i u s cf g y r a t i o n of the micro s t r u c t u r e s 
K l o c a t i o n of t h e step 
K , K-, modified Bessel func t ions of second kind 
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IVi,K^,K^(i= 1,2) Hartmann iiumherB 
M,lvi ,M. ( i - 1,2) mic ropo la r pa ramete rs 
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QQ volume fluw flux witii uniform film 
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Q-j_j Qp volume flow flux in the regions i and II 
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r = KR, position of the step (in Chapters 
II and IV) 
r = K R sine, recess radius (in Chapters 
II , IV) 
R outer radius of the bearing or radius of 
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R average radius of the porous channel 
S-j_,Sp, SJ, S' dimensionless s^ r^face conductivity 
parameters as defined in the analysis 
^Pl' ^pp dimensionless upper surface conductivity 
parameters in the region I and II 
respectively 
•* '^i^'^n^'^'z squeezing time 
> -L (C O 
•t j't^L'"''p'^3 dimensionless squeezing Lime aa defined 
in the analysis 
T temperature of the lubricant 
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nr at r = 0 
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r-direction 
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(in Chapter VII) 
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VII) 
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v^ (i= 1,2) velocity in y-direct ion (in Chapter-VII) 
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V" squeezing velocity 
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xxi 
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i n t h e a n a l y s i s 
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y c o - o r d i n a t e normal to t h e p l a n e of t h e 
f i lm 
z r e ct angul a r C a r t e si an c c - o r d i n a t e i n 
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6 d imens ionless p a r a m e t e r ( i n Chapter VI) 
V = i - | ^ + 1 -—: + k - | ^ , i s t h e v e c t o r 
d i f f e r e n t i a l o p e r a t o r 
V- "^  = div ? 
V x V = cur l V 
e e c c e n t r i c i t y r a t i o 
' '^1 ' "^2^ "^ 3 express ions defined i n the a n a l y s i s 
xx i i 
9 f i l m o r i e n t a t i o n a n g l e ( i n C h a p t e r s V and 
VI) o t h e r w i s e semi v e r t i c a l a n g l e of t h e 
cone ( i n C h a p t e r s I I and IV) 
i^  ,A^ c l a s s i c a l c o e f f i c i e n t s of v i s c o s i t j ; 
( i n C h a p t e r I I I ) 
X cons ta r . t ( i n C h a p t e r I I ) 
fx viscosity 
/AQ v i s c o s i t y of t h e b a s e o i l 
^ ' v i s c o s i t y of t h e l u b r i c a n t i n j e c t e d i n t o 
t h e b e a r i n g t h r o u g h p o r o u s mesh ( i n 
C h a p t e r X) 
U-, m a t e r i a l c o n s t a n t 
ja-, = ~— m i c r o p o l a r f l u i d p a r a m e t e r 
c h a r a c t e r i s i n g t h e c o n c e n t r a t i o n of t h e 
micro s t r u c t u r e i m p a r t e d t o t h e l u b r i c a n t 
due to p r e s e n c e of a d d i t i v e s 
^ v a r i a b l e d e f i n e d i n t h e a n a l y s i s 
p f l u i d d e n s i t y 
0~ c o n d u c t i v i t y of t h e f l u i d 
^ 1 ' ^ ^ c o n d u c t i v i t y of t h e l o w e r and u p p e r p l a t e s 
r e s p e c t i v e l y 
T s h e a r s t r e s s 
xy 
+ 
,^ -r^' T3- T4 
X X l l l 
permeability of the surface 
4*'*^'^i'1^-'%. dimensionless parameters characterising 
tiie porosity as defined in the analysis 
-/^ angular velocity of the Journal 
w microrotation vecJor 
CHAPTER- I 
li^JTHOIlJCTION 
V 
I n l a t e s i x t i e s , t b s M i n i s t r y ^t Tochn<lo,gy, "United 
x'ingdoms, a p p o i n t e d a Ccnmiittee kno^vn a s J e s t Cr in ia . t t ee 
t c i n v e s t i g a t e t h e p r o b l e m s , f a c e d by S c i e n t i s t s and 
e n g i n e e r s r e l a t e d t o l u b r i c a t i c n , f r i c t i o n a.nd vvear. -ihe 
r e s u l t was the g e n e s i s of a com-^^lex s c i e n c e w i t h t h e narr.e 
of TBI-BOLOGY. \ , i t h t h e f o c u s on t e c h n o l o g y , TRIo'UjkTY h - s 
i n i t s scope the r e l a t i v e m r t i o n of twc s o l i d s u r f a c e s 
/ , ' i th randomly d i s t r i b u t e d a s p e r i t i e s i n a p p a r e n t c c n t a c t 
t h t h e i r e s e n c e o r a b s e n c e of a medium - n a t u r a l l y ft rmed 
l i k e o x i d e s or e x t e r n a l l y a p p l i e d m a t e r i t t l kno\^n a s 
l u b r i c a n t f i l m s be tween t n e s u r f a c e s . fhe b a s i c p r o b l e m 
i n t r i b o l o g y i s to s tudy t h e dependence of f r i c H'-^nri 
r e s i s t a n c e en n a t u r e of t h e s u r f a c e and l u b r i c a n t , \ e a r i n g 
j ' ^ n f i g u r a t i on, f i l m shai e, s u r r o u n d i n g envi rcnmento j , 
a p p l i e d f o r c e s and t e m p e r a t u r e . 
- r i c t i o n between t-«.o s l i d r n g s u r f a c e s i s s i g n i f i c a n t l y 
a f f e c t e d by t h e p r e s e n c e of i n t e r p o s e d f i l m s ( l u b r i c a n t s ) . 
i h i s p r o c e s s of m i n i m i s i n g f r i c t i o n be tween twr s u r f a c e s 
by t h e p r e s e n c e of a t h i n f i l m i s ' knoun a s l u b r i c a t i o n . 
In i t s t r i b ' - l o g i c a l c o n t e x t , t h e l u b r i c a t i o n n o t orJ.y k e e n s 
f r i c t i o n a t a minimum l e v e l , b u t a.1 oo r e d u c e s wea r , energy 
l o s s e s ^^^^ h e l p s t o s u s t a i n g r e a t e r l o a d s . Thus , i t may 
c 
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net bQ an exaggeration tc a s se r t tha t l ub r i ca t ion in a l l 
i t s vastness and var ie ty , i s the most important area of 
t r ibologica l researches with an economic s lant and i s now 
drawing much a t t en t i ve probe. Depending upon the operating 
conditions, the lubr i ca t ion process may be divided in the 
following types 
1. Boundary lubr ica t ion 
2. Hydro dynamic lub r i ca t ion 
3. Mixed lubr ica t ion 
I 
Boundary lubr ica t ion i s the condition of l u b r i c a t i o n 
in which two surfaces are separated by a th in hydrocarbon 
film, whose thickness i s of the order of the s ize of the 
molecules. Under these conditions the behaviour of the 
sliding system depends on the combined p rope r t i e s of the 
lubr icant and the sol ids in contact. In boundary lubr ica t ion 
the coeff icient of f r i c t ion may be i n the range of 0.08 
and 0.14 and wear occurs due to so l id~to-so l id contact 
during s l id ing, Ful ler (19 56) , O'Gorjior and Boyd (1968). 
In hydrodynamic (fluid) l u b r i c a t i o n the s l id ing surfa^'^s 
are completely separated by a l aye r of th in f l u id film , 
whose thickness i s of the order 10 - 10 cm. Here , 
the t ransport p roper t i es of the lubr ican t ^^ffer the sole 
res is tance to the r e l a t i v e motion of the surfaces. Most 
of the designers and engineers asp i re to produce and 
maintain conditions of hydrodynamic lub r i ca t ion owing to 
i t s a t t r a c t i v e low value of coeff ic ient of f r i c t i on of 
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about 0.001, Pul ler (1956), Bowden and Tabor (1950, 1964) , 
Ling e t . a l . (1969). 
Mixed lub r i ca t ion takes p lace where operating conditions 
cause p a r t i a l breakdown of fluj d-film, a s i tua t ion between 
boundary and tiydrodynamic lub r i ca t ion . In t h i s case, the 
coefficient of f r i c t ion msy be in the range of 0.02 - 0,08 
and the bearing cha rac t e r i s t i c s depend upon the in t e r ac t ion 
of the surface asperities and the hydrodynamic action of ta^ 
film, Pul ler (1956), Chrigtensen (197 2), Tsao and Tong (197 5^. 
The bearing cha rac t e r i s t i c s of any lubr ica ted system 
such as, flow flux, f r i c t ion and load capacity, depend upon 
the given physical s i tua t ion , the lub r i ca t ion process and 
the pressure d i s t r ibu t ion in the film. In the case of 
hydrodynamic lub r i ca t ion , the equation governing the 
pressure in the f lu id film in a bearing i s obtained by 
solving the equation^ of motion. In a c l a s s i ca l paper 
Reynolds (1886) analysed an incompressible flow of a 
uewtonian fluid with constant v i s cos i ty by neglect ing the 
curvature of the bearing, the i n e r t i a and g rav i t a t iona l 
forces and sl ip at the fluid and sol id in te r face and obtained 
an equate'^n known a.3 Reynolds equation which offers a vtr} 
good approximation to the most of the p rac t i ca l problems . 
TMs equation has since formed a ba s i s for analysing the 
fluid lubr ica t ion . 
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Several inves t iga to r s have attempted to genera l i se th.e 
Reynolds equation for different physical s i t ua t i ons . Per 
an example, Cope (1949) inc->rporated the correct ion due 
to va r i a t ions of v iscos i ty and density along the fi lm while 
formulating the basic equations of the problem of 
hydrodynamic lubr ica t ion . \.\ann^^x (1950) extended the 
basic Reynolds equation to include the va r i a t ion of pressure 
across the f luid film. Zelnkiewicz (1957) accounted the 
v iscosi ty va r i a t ion across the film for the case of a 
p a r a l l e l p l a t e thrus t bearings . Halton (1958) has fur ther 
extended the work of Cope (1949) to allow the inf luence 
of surface roughness , hi 3,h speed and va r i ab le v i scos i ty 
and neglected the va r ia t ion of f l u id p rope r t i e s across the 
film. Dowson (196 2) s ta r t ing from the basic equations of 
fluid mechanics derived a general ised form of Reynolds 
equation to include the va r i a t ion of f luid p rope r t i e s along 
and across the f luid film. 
All the above inves t iga t ions re fe r to Newtonian f l u id s . 
However, most of the lub r i ca t ing o i l s are non-Newtonian 
due to the i r non-l inear s t r e s s and s t r a in re la t ionsh ip . 
i'o study the lubr ica t ion c h a r a c t e r i s t i c s of non-Newtonian 
^ i l s , different models such as Bingham p l a s t i c , power 
law , v i s c o e l a s t i c e t c . , have been considered by the 
different inves t iga tors . The c h a r a c t e r i s t i c s of the 
lubr ican ts are improved through addit ion of cer ta in 
additives , solid or l i qu ids . The viscosi ty of the base 
oi l changes with the concentration of the add i t ives . The 
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e f f e c t s of a d d i t i v e s i n l u b r i c a t i o n are g e n e r a l l y considered 
i n two ways '. 
( i ) I n case of micro r o t a t i o n a l motions and spin 
i n e r t i a of the a d d i t i v e s , t he flow and l u b r i c a t i o n 
c h a r a c t e r i s t i c s of the suspension a re s tud ied by 
r ega rd ing them as micropolar f l u i d s -
( i i ) I n t h e second case t h e e f f e c t s of t h e a d d i t i v e s 
a r e accounted by, assuming the apparent v i s c o s i t y 
of the suspension as a l i n e a r funct ion of c o n c e n t r a t i o n 
of a d d i t i v e s t a k i n g nass t r a n s f e r i n t « c o n s i d e r a t i o n . 
Also, when a l i q u i d metal f lows under &i app l i ed 
e l e c t r i c or / and magnetic f i e l d a body force i s g e n e r a t e d 
which modifiep t h e l u b r i c a t i o n c h a r a c t e r i s t i c s . Recent ly , 
cons ide rab le e f f o r t s have been made to study t h e problems 
of magnetohydrodynamic l u b r i c a t i o n because of i t s p o s s i b l e 
Use for defence purposes and o t h e r space v e h i c l e s . 
I n view of t h e above t r end cf work, t h e p r e s e n t t h e s i s 
c o n t r i b u t e s to hydrodynamic l u b r i c a t i o n theory by s tudying 
the non-Newtonian bohaviour , a d d i t i v e s and e l ec t romagne t i c 
f i e l d s . 
1.1 POV.ER LA\. ELblD LUBRICATI01\ 
A l a r g e v a r i e t y of f l u i d s employed as l u b r i c a n t s 
show a s i g n i f i c a n t deviat iwn from l^ewtonian hypo thes i s 
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of l i n e a r re la t ionsh ip between s t r e s s and s t r a in r a t e . 
The deformation r a t e and v iscos i ty of these f lu ids depends 
upon s t r e s s or duration of s t r e s s or the extent of 
deformation or on a l l the fac tors . Pluid exhibit ing such 
complex rheological behaviour are character ised as non-
IMewtonian f lu ids , ^.letzner (1956, 1961) , Bird e t . a l . ( l 960) 
and Longwell (1966) . To study the charac ter is t ics , of 
non-Kowtonian lub r i can t s different models, such as, 
Binghan p l a s t i c s , Viscoelast ic and power law are considered. 
The examples of non-Newtonian f l u i d s which may be 
approximated to the above models, include grease, d r i l l i n g 
muds, suspension of chalk, grain, rock and s^.age sludge , 
napalm , ce l lu lose ace ta te , detergent s l u r r i e s , paintB 
and pa in t ing inks , s tarch , potassium s i l i c a t e etc. , 
Metzner (1956) , Green (1949) . 
The cha rac t e r i s t i c s of Bingham p l a s t i c , as lubr ican t , 
has been analysed by various i n v e s t i g a t o r s and an increase 
of bearing load capacity and f r i c t i o n a l drag has been 
pointed out , Milne (1953, 1957) , Oster le e t . a l . (1955) , 
Osterle ajid Saibel (1955) , Sasaki e t . a l . (1962) , Shukla 
and Prasad (1967) , Batra (197 3) e t c . . The Viscoelast ic 
f lu ids as l ub r i can t s have also been used in various bearings, 
Milne (1957a) , Selby (1958) , Horowitz and S te id l e r 
(1960 - 61) , i.xight and Grouse (1965) , Burton (1959) , 
Tanner (1970) , Gcsh and Mishra (1968) , Hung and Muster 
(1970) , Chow and Saibel (1971) . 
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In recent years, the use of power law model has 
a t t rac ted much a t ten t ion . Squeeze film and conical 
bearings with uniform film thickness using non- i^ewtonian 
power law lub r i can t s have been studied by Shukla (196 3 , 
1S6 4, 196 4a) . The cha rac t e r i s t i c s of journal bearings 
Using power law f lu ids have been inves t iga ted theore t i ca l ly 
by Tanner (196 4, 1965) and risu (196 6) and experimentally 
by Dubois e t . a l . ( i960). The case of rheos ta t i c thrus t 
bearing using pew er law lubr ican t nas been analysed by 
Shukla and Prakash (1969) . Khader and Vachon (1973), have 
studied i n e r t i a effects in laminar flow of power law f lu ids . 
shukla and I s a (1974) have studied the cha rac t e r i s t i c s cf 
power law lub r i can t s in stetj bear ings and hydrosta t ic 
step sea ls . I t has been shown that the load capacity of 
the hydrosta t ic s t ep ' sea l increases as the flow behaviour 
index of the power law f luid increases . Lxternal ly 
pressur ised poroas thrust bearing has also been studied 
by Shukla and I sa (1975) and the load capacity i s shown 
to increase as the flow behaviour index or the cha r ac t e r i s t i c s 
of the porous matrix increases . Prabhu (1976) , has 
investiga-jed f i n i t e width p a r t i a l journal bearing using 
non- iMewtonian lubr icant with cubic shear s t r e s s to r a t e 
of shear r a t i o . Steady s t a t e and s t a b i l i t y behaviours 
cf journal bearings using the same model as taken "by Prabhu 
(1976) have also been inves t iga ted by Swamy e t . a l . (1977) 
and Swamy (1977) . 
Flew behpviour c h a r a c t e r i s t i c s of tile l u b r i c a n t s , 
j^ev/tonian o r non- Newtonian , va ry due to v i s c o u s hea t ing 
r f t he l u b r i c a n t under high t empera tu re and p r e s s u r e , 
Rottem and Shinnar ( l 9 6 g ) , Turian (1965) , Dyer (1969) 
and Ovale and V i i l t s h i r e (1972) , The e f f e c t s •t 
t empera ture and p r e s s u r e have been s tud ied i n liewtonian 
f l u i d l u b r i c a t e d squeeze f i lm b e a r i n g s by Gould (1967, 1971) , 
face s e a l s by Sneck (1969), e x t e r n a l l y p r e s s u r i s e d b e a r i n g s 
by Ting and Kayer (1971) and Donaldson (1971) • f i n i t e 
s l i d e r bear ing by Ezzat and Rhode (197^3, 197 3a) and f i n i t e 
. 1 , " ' V( 
wid th t h r u s t bea r ing by Tien (1975) . Howev-? '^ , t he study 
of thvirmal e f f e c t s ' i n non- Newtonian, f l u i d l u b r i c a t e d 
systems has not r ece ived much a t t e n t i o n , except f o r 
h y d r o s t a t i c b e a r i n g s , I s a (1974) , 
Keeping in view of the above, we have ana lysed i n 
chap te r I I , the power law f l u i d l u b r x c a t i o n i n squeeze 
f i lm and e x t e r n a l l y p r e s s u r i s e d stop b e a r i n g s w i t h 
cons i s tency va ry ing exponen t i a l l y w i t h t empera tu re and 
p r e s s u r e . The thermal effects- a r e seen t o be s i g n i f i c a n t l y 
dependent upon the p r e s s u r e ~ cons i s tency and t empera tu re ~ 
cons i s tency c h a r a c t e r i s t i c s . The flow f lux of t h e 
l u b r i c a n t a l so depends on che choice of t h e s e pa r ame te r s . 
1.2 MICROPOLAR FLUID LUBRiCATIOl^  
For the combustion problems , g r e a t e r sur face 
l o a d i n g s , wider range of o p e r a t i n g t empera tu re and g r e a t e r 
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sliding speeds in bearings and gear ings , mineral o i l s alone 
cannot be used. The need, therefore , i s to incorpcra te 
cer ta in chemical addi t ives in the base o i l to improve i t s 
ns tura l ch a r ac t e r i s t i c s and to cover wide areas of 
appl icat ion . Today , various types of lubr icant addi t ives 
are avai lable . The main c h a r a c t e r i s t i c s of these addi t ives 
are an t i rus t , antioxidant , ant icorros ion , antiwear , 
an t i s ep t i c , antifoam , detergent - dispersant , a lka l ine 
agent , metal deact ivator , water rep e l l ant , extreme 
pressure , v i scos i ty index improver , emulsif ier e tc . , 
CConner and Boyd (1968) . In aerosol l ub r i ca t ion , 
addi t ives are being used in gases , Carr e t . a l . (1965) . 
The presence of macro molecules <^r suspended p a r t i c l e s 
make the fluid to behave in non- i^ewtonian manner . S'lch 
f lu ids exhibit phenomena such as s t r e s s - r e l axa t i on and a 
dependence of apparent v i scas i ty and normal s t r e s s difference 
oil 3 (Gil, Rhoar i-«.tp Rijd cin rent rata. on. Ericksen (i960 jlQfOa) 
presented the theory of such non- Mewtonian f lu ids by 
taking into account the presence of substructure in f lu id . 
Jiricksen developed equations of motion which resu l ted from 
coupling between the f lu id ve loc i ty and substructure 
or ien ta t ion . Eringen (1964) and 70.1 en e t . a l . (1967) 
fur ther extended the work of Ericksen to account inert iaJ . 
c ha r a c t e r i s t i c s of the substructure and p a r t i c l e i n t e r -
act ions and represented the suspension as micropolar f lu ids . 
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In 1966 , Lringen developed a theory of micr'^polar 
f lu ids responding to microrotational motions and spin 
i n e r t i a and derived equations of motion and boundary 
conditions for these f lu ids . He solved these equations for 
a channel flew showing cer tain i n t e r e s t i ng " resu l t s • 
Fundamentally , f luid poin ts (substructure p a r t i c l e s ) 
contained in a small volume apart from moving with the 
usual r ig id motion can undergo microrotatione about the 
centre cf mass . Eringen suggested that cer ta in anis tropJc 
f luid i . e . , l i q u i d c rys ta l s , polymeric f lu ids , animal 
blood and fluid containing addi t ives , f a l l in to the 
category of micrupolar f lu ids and may be represented by 
mathematical models. Allen and Kline (1971) presented 
lubr ica t ion theory for micropolar f lu ids and applied the 
governing equations to a s l ide r bearing and found tha t 
the effect of substructure i s to increase the load capacity 
and decrease the f r i c t i on force. Mcropolax f lu id 
lubr ica ted pivoted s l ide r bearing with convex pad surface 
has been studied by Datta (197 2) for the effect of pad 
surface , curvature on the pressure , load capacity , 
centre of pressure and f r i c t ion coefficient . Shukla and 
I sa (1975a) have derived a generalised Reynolds equation 
for micropolar f lu id and have applied the equation to an 
optimum one dimensional s l ider bearing . 
i'cr an external ly pressur ised optimum bearing , Shukla 
and I s a (l975b) have pointed out that flow flux decreases 
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and load capacity Incroas^o' as the parameter character is ing 
the microstriicture increases . The squeeze film bearings 
Using micropolar lubr ican t s have been analysed by Igaiwal 
and Ganju (1972) , Balram (1975) , Prakash and Sinha (1976), 
The i n e r t i a effects oi micropolar f l u id s in sqfueeze film 
bearings and thrus t bearings have been studied by Mahsnti 
and Ramanaiah (1976). The c h a r a c t e r i s t i c s of micropolar 
f lu ids in squeeze film journal bearings have been studied 
by Prakash and Sinha (l976a) and Lahanti (1976). The 
lubr ica t ion of journal bearing considering cavi ta t ion , 
have been studied by Prakash and Sinha (1977) . Ramanaiah 
and Eubey (1977) have invest igated optimum s l ide r bearing 
a sing micropolar lubr ican t . 
Acknowledging the above discussion , we have considered 
in chapters I I I , IV , V and VI of t h i s t h e s i s , the ef fec ts 
of solid p a r t i c l e s in lubr icant by character is ing the 
suspension as micropolar f luid . 
In chapter I I I , step bearings with micropolar f lu id 
as lubr icant have been analysed. I t i s pointed out tha t 
both load capacity and squeezing time increase as the 
parameter character is ing the concentration of the micro -
s t ruc ture due to presence of addi t ives in the base lubr icant 
increases . I t i s further seen , tha t load capacity and 
time of a-Dproach decrease as the step height or pos i t ion 
of the step increases . In chapter IV" , hydrosta t ic step 
seals and external ly pressur ised conical step bearings 
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Wwtb iri cro.-^ol giT L u - r i c i^t y r t ' t:,. li^^c-^, ±t i <, K»oiecii thA.'t, 
t i l e l o a d c a p a c i t y of t h e b e a r i n g s i n c r e a s e w i t h t h e i n c r e a s e 
i r the s t e p h e i g h t o r a s t he p a r a m e t e r c h a r a c t e r i s i n g t h e 
micro s t r u c t u r e of t he s u s p e n s i o n i n c r e a s e s . 
C h a p t e r s V" and V'l a r e d e v o t e d to t h e p r o b l e m s of j o u r n a l 
b e a r i n g s o p e r a t i n g w i t h m i c r o p o l a r l u b r i c a n t . One d i m e n s i o n a l 
j o u r n a l b e a r i n g s a r e d i s c u s s e d i n C h a p t e r V and i t h a s been 
c o n c l u d e d t h a t t h e l o a d c a p a c i t i e s and t h e c o r r e s p o n d i n g 
f r i c t i o n a l f o r c e s i n c r e a s e w i t h t h e i n c r e a s e i n t h e mic ro -
s t r u c t u r e p a r a m e t e r . The c h a r a c t e r i s t i c s of p o r o u s j o u r n a l 
b e a r i n g s a r e a n a l y s e d i n c h a p t e r V I . The g e n e r a l i s e d 
R e y n o l d s e q u a t i o n f o r m i c r o p o l a r f l u i d g o v e r n i n g t h o 
p r e s s u r e i n t h e f i l m of p o r o u s j o u r n a l b e a r i n g i s d e r i v e d 
and i t s a p p l i c a t i o n s to i n f i n i t e l y n a r r o w p o r o u s j o u r n a l 
b e a r i n g , squeeze f i l m a x i a l l y u n d e f i n e d p o r o u s j o u r n a l 
b e a r i n g and s q u e e z e f i l m a x i a l l y i i n d e f i n e d s p h e r i c a l b e a r i n g , 
a r e s t u d i e d . I t h a s been shown t h a t l o a d c a p a c i t i e s 
i n c r e a s e and c o e f f i c i e n t s of f r i c t i o n d e c r e a s e ag t h« 
p a r a m e t e r c h a r a c t e r i s i n g m i c r o s t r u c t u r e of t h e b a s e o i l due 
to p r e s e n c e of a d d i t i v e i n c r e a s e s . I t i s f u r t h e r seen t h a t 
the l o a d c a p a c i t i e s d e c r e a s e a s t h e p e r m e a b i l i t y i n c r e a s e s . 
1 . 3 EFFECTS 0.'' ELECTRIC i hxiv MAGi^ LTIC FIELDS 
Ih FLUID LUBRICATIOlM 
The s tudy of f l u i d l u b r i c a t i o n when a c o n d u c t i n g 
l u b r i c a n t f l ows a c r o s s a m a g n e t i c f i e l d , i s known as 
magneto hydro dynamic l u b r i c a t i o n . The supply of e l e c t r i c 
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power to magnetohyirodynamic bearings* further improves 
the lubr i ca t ion c h a r a c t e r i s t i c s by increasing the magneto-
hydrcdynamic pressur i sa t ion effect . The poss ible use of 
conducting lub r i can t s under high temperature appl ica t ions , 
such as in space vehicles and nuclear rockets, has received 
g rea te r i n t e r e s t from many s c i e n t i s t s and engineers to 
inves t iga t e va r i e ty of problems in magneto hydro dynamic 
lub r ioa t i cn . During the l a s t few y3ars, many types of 
m&gnetohydrodynamic bearings have been analysed. Llco and 
Hughes (1962), Hughes and Hco (1962, 196 2a), Snyder ( l96g), 
bricks and Uhlenbusch (l96g) Kuzma (1963, 1964, 19C4a) , 
Hughes (1963;, Shukla and Prasad (1965, 1966), Shukla and 
Prakash (1966), Maki e t . a l . (19CG, 19G7) , Chawla (1966), 
Rama>iaiah (1966), Kriegar e t . a l . (1967), Kapur (1968,1969), 
Dudzinsky e t . a l . (1968) and Agarwal ( 1 9 7 J ) . 
Hughes (196 3) has analysed magnetohydrjdynamic incl ined 
s l ide r bearing with a trar.sverse magnetic f i e ld under 
e l e c t r i c a l loading and i t has been shuwn that the load 
capacity increases s igni f icant ly by supplying e l e c t r i c a l 
D^wer. Optimum magne tc hydro dynamic s l ide r bearings have 
been studied by Osterle and Young (196 2) and Kuzma (196 5) 
and i t has been pointed out that for maximum load capacity 
cf the bearing, the film thickness should be a step function. 
Ghukla (1970) has inves t iga ted optimum one dimensional 
magne to hydro dynamic s l ide r bearing and i t has been shown 
that conductivity of the bearing surface should also be a 
step "type function for maximum load capacity . The i n e r t i a 
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ef fec ts in magneto hydro dynamic bearings have been invest igated 
by Kuzma (1967), SMkle and Kapur (1967), Eamanaiah (1967), 
'Rodkiewicz and Anwar (1971), Kamiyama (I9b9, 1970). 
Magnetohydr«dynamic s l i de r bearixige with non-unifcrm 
magnetic and e l e c t r i c f i e ld s have been analysed by 
Rodkiewicz and Anwar (1972, 1972a, 1973). I s a (1974) has 
studied magneto hydro dynamic external ly pressur ised porous 
thrus t bearing and i t has been shown that the load capacity 
increases as the porosi ty or the i n t ens i t y of the 
t ransvers ly applied mignfetic f i e ld increases . Magneto -
hydrodynamic hydrosta t ic th rus t bearing has been studied 
v.ith energy in tegra l -method by Kapocr and Verma (197 5) . 
xlingu (1976) has studied the effect of axial cur ren t -
induced pinch on the squeeze film behaviour of porous 
c i r cu la r disks and i t has been shown that load proport ional 
to the square of the axial current can be sustained even 
when there i s no flow. Optimum one dimensional external ly 
pressur ised magnetohydrodynamic bearings has been analysed 
by Shukla and I s a (1977) and i t has been pointed out that 
both the film thickness and the magnetic f i e ld should be 
step function for maximum lead capacity. The hydromagnetic 
squeeze film bearing with azinuthal magnetic f i e ld has been 
studied by RamanaiaL (1976), Mahanti and Ramanaiah (1976a; 
have also studied the effect of axial ve loci ty on the 
cha r ac t e r i s t i c s of hydromagnetic th rus t bearing. 
Keeping in view of the above, in chapter VII, the 
magnetohydrodyncmic step s l i de r bearing with non-uniform 
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e l e c t r i c and magnetic f i e ld s i s analysed. I t i s shown 
tha t the load capacity increases due to increase in 
magnetic field or e l e c t r i c f i e ld . I t i s also shown that 
the load capacity and f r i c t i on decreases as the step height 
r a t io increases. 
In chaptei \/'III, the magnetohydrodynamic external ly 
pressurised porous conducting thrus t bearings are analysed 
in the presence of unifornflLy applied "uransverse magnetic 
f i e ld . I t has been shown that the load capacity increases 
as the conductivity, pcrosi'^y or the s t rength of tne 
magnetic f ie ld increases . The squeezing effect has also 
been analysed and i t has been shown that the load capacity 
and the time of approach increase with the increase in the 
conductivity cf the surfaces. 
In chapter IX, the external ly pressurised magnetohydro-
dynamic p a r t i a l porous conducting thrust bearings are analysed. 
I t has been shown tha t the load capacity increases as the 
parameters character is ing the conductivity, poros i ty , step 
height r a t io or the s t rength cf the t ransverse ly applied 
magnetic f ie ld increases . Tht load capacity ;Uso i n c n • r.c r 
r r tae-stc'ri loc-r'ti*on iucrepses . 
In chapter X, the ef fec ts of addi t ives in external ly 
Toressurised magneto hydro dynamic porous thrust bear ings hav j 
been analysed. I t has been pointed uut that the load cap .^ i^ ^ 
increases as the s t rength of the t ransversely applied mt-^ x^ t. i -
f i e ld or as the concentration of the addi t ives or as the ma-o-
t ransfer parameters increases . 
CMAPTER - I I 
T^ lEEf/IjU:, EPi'LGTS I^ ^ SQUEEZE FILMS MiD EXTERliALLY 
PRESSUKISED BEARINGS \ . I I r i i^ OyvER lAft LUBRIGiiN"TS 
The non-Newton ian l u b r i c a n t s w h i c h show v a r i a t i o n i n 
s h e a r s t r e s s a s n - t h power of sfci-ear-rate a r e known a s 
Os twald-Dewaa le o r Power l aw m o d e l s . I'he t y p e of t h e f l u i d 
i s d e t e r m i n e d by the d e v i a t i o n of t h i s power i n d e x n from 
u n i t y . J '^or n = 1 , t h e f l u i d shows a Newton ian b e h a v i o u r , f o r 
n < 1 i t shows a p s e u d o p l a s t i c b e h a v i o u r and f o r n > 1 i t i s 
a d i l a t a n t f l r i d . The v i s c o s i t y of a p s e u d o p l a s t i c f l u i d 
i e c r e a s e s w i t h the i n c r e a s e i n s h e a r i n g r a t e w h i l e i n c a s e 
of d i l a t a n t f l u i d s ? the v i s c o s i t y i n c r e a s e s w i t h i n c r e a s i n g 
s h e a r r a t e . The c h a r a c t e r i s t i c s of power l aw l u b r i c a n t s 
w i t h c o n s t a n t c o n s i s t e n c y i n d e x have b e e n s t u d i e d t h e o r e t i c a l l y 
and e x p e r i m e n t a l l y "by s e v e r a l a u t h o r s a s d e s c r i b e d i n c h a p t e r ~ I . 
The f low b e h a v i o u r c h a r a c t e r i s t i c s of t h e l u b r i c a n t s a r e 
c o n s i d e r a b l y a f f e c t e d by t h e r m a l e f f e c t s due t o v i s c o u s h e a t i n g 
of t h e o i l , Rotem and S h i n n a r ( 1 9 6 2 ) , T u r i a n ( 1 9 6 5 ) , Dyer {1969). 
The p e r f o r m a n c e of v i s c o s i t y v a r i a t i o n i n Newton ian f l u i d 
l u b r i c a t e d sys tems u n d e r i s o t h e r m a l or a d i a b a t i c c o n d i t i o n s 
h a v e been s t u d i e d by C u r i e e t . a l . ( 1 9 6 5 ) , Hahn ahd K e t t l e b o r o u g h 
' .1967, 1 9 6 8 ) , M c C a l l i a n e t . a l . ( 1 9 7 0 ) , Tieu ( 1 9 7 3 ) . R e c e n t l y , 
t h e e f f e c t s of v i s c o s i t y v a r i a t i o n a c r o s s a s w e l l a s a l o n g t h e 
hydro d y n a m i c a l l y l u b r i c a t e d f i l m i n c a s e of i^ewtonian f l u i d s 
Lave been s t u d i e d i n f i n i t e w i d t h s l i d e r b e a r i n g by E z z a t and 
Rohde ( l 9 7 3 ^ 1973a) and i n f i n i t e w i d t h t h r u s t "bear ing "by 
Tieu ( 1 9 7 5 ) . 
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The study of the performance of v i s c o s i t y v a r i a t i o n i n 
• t • 
case of non-wewtonian f l u i d l u b r i c a t e d systems has n-ot achieved 
much a t t e n t i o n . I n p a r t i c u l a r , the e f fec t of v i s c o s i t y 
v a r i a t i o n w i t h temperature snd p r e s s u r e has heen s tud ied i n 
h y d r o s t a t i c b e a r i n g s u s i n g power law l u b r i c a n t s "by I sa (1974) . 
In t h i s chapter we study the c h a r a c t e r i s t i c s of the fo l lowing 
bea r ing systems us ing power law l u b r i c a n t s v/here t h e cons i s t ency 
v a r i e s exponen t i a l ly wi th t empera tu re and p r e s s u r e '. 
I . Squeeze f i lm between two i n f i n i t e r e c t a n g u l a r p l a t e s 
I I . Squeeze f i lm between two c i r c u l a r p l a t e s 
I I I . E x t e r n a l l y p r e s s u r i s e d con ica l s tep b e a r i n g 
lY Non-contact ing h y d r o s t a t i c s tep sea l . 
8.1 BASIC EQUATIONS 
Consider the flow of a power law l u b r i c a n t i n a t h i n 
c lea rance between two i n f i n i t e l y extended b e a r i n g s u r f a c e s . 
The flow of the l u b r i c a n t may be e i t h e r due to exrfcerngl 
p r e s s u r i s a t i o n o r normal motion of the s u r f a c e s . The p h y s i c a l 
con f igu ra t i on i s shown i n P ig . g . l . To ana lyse t h e e f f e c t s of 
t empera ture v a r i a t i o n i n the f l u i d f i lm , we have t o so lve 
momentum and energy equat ions s imul taneous ly . The equa t i ons 
of momentum and energy which govern the flow of a power law 
l u b r i c a n t a re given by 
( ? . l ) 
p 
^v 
u 
dT 
dx" 
0 
• = 
= 
^t 
dp 
' dx 
d^T 
dx^ 
a 
+ ~dy 
•^T^xy 
I xy 
6u 
( 2 . 2) 
. L ( J V ' i'/ A PQ\f\ieR LAW r l ' i - ' • ' 
i. ^ 
1 r 
I I I ) I . ' ' •'. . s.>' '\ • ,' 
! 
' 1 , 
: W / 7 
4 4 . • I I 
^ 1 8 
i.OVv ' • • ; r-: ; A - t ' 
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where I „ = m —-
^ xy dy 
n - 1 , 
au • • r - , n i s t h e flow behaviour index oy 
and m i s tho cons i s tency index. Let t h e t empera tu re r i s e i n 
the lubr ican t . "be small . Therf^fore, t h e express ion f o r the 
consis tency v a r i a t i o n w i th an a r b i t r a r y t empera tu re and 
p r e s s u r e can be approximately w r i t t e n a s 
m = m^  e°^'P~ ^ ' ^ (2.3) 
where a ' a^d ,3' a re the p r e s s u r e - c o n s i s t e n c y and tempera ture-
cons is tency c o e f f i c i e n t s respect ivre ly . 
In the range 0 _ < y ^ "p ' Tv ^ '^ ^^^ ®° from equat ion 
( ? . l ) we get 
S 7x.. ^ 1 d p 
( - S u X ^ > 1 _ f (^ 4X Sy dy ^ m dx 
I n t e g r a t i n g equat ion (2.4) under t h e cond i t i ons -r— = C 
at y = 0 and u = 0 at y = — , we get 
du n dp n n 
. dp n ^2^ -^  
^^d ^ = ( m d ^ ) , 1 ^^- '^ 
n 
S imi la r ly , i n the region - - | i y i O , f ^ > C and t h e 
iPvmentum equat ion (2.2) i n t h i s case r educes t o 
5y^ 5y ^ " m dx ^"^'^ 
-ga 
I n t e g r a t i n g equat ion (s.V) and u s i n g the boundary condi t ions 
1^ = 0 a t y = 0 and u = 0 at y = - ^, we ob t a in 
1 1 
8u -, dp n n 
T dp n (-5) - C y) 
u = ( - i ^ ) - - ^ 1 (2-9^ 
1 + n 
The volume f l u x Q of the l u b r i c a n t i s defined as 
JV2 r O h /  1 
Q = b / j ^ udy + / udyj 
2 
I t i s c l e a r l y seen from equat ion (2 .6) and (2.9) t h a t bo th t h e 
i n t e g r a l s a re t h e same and thus , we ge t 
h/2 Q = 2b / udy (2.IO) 
o 
v.hich en u s i n g equat ion (2.6) g ives 
2f ^ i 1 
0 ^ sk r - 1 i £ )"" r i i ^ ^ (2 11) 
In o rde r t o consider t h e e f fec t of tempera ture we w r i t e 
the equat ion (2.2) i n the two r eg ions as 
Averaging t h e above equa t ions and making u s e of symmetry, v.e 
g t t 
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P V -b • e x - t ey 
^ ^ ^ 2 , Q^^n+1 
- V2 
+ 2m / ( - f ^ ) . dy (2 .12J 
Ccmblning e q u a t i o n s ( 2 . 5 ) , (2-11) and ( 2 . 1 2 ) and n e g l e c t i n g 
t h e c o n d u c t i v i t y K, , we g e t a l i n e a r r e l a t i o n s h i p b e t w e e n 
f i l m prevssure and t e m p e r a t u r e d i s t r i b u t i o n s a s 
dT '^P / -P C,, - j ^ = - — (2 .13J V dx dx 
2 . 2 SQUEE:2E ?IL1L BLi'hLEN 'fv»0 PAR1LL-£L PLATES 
L e t Us c o n s i d e r two i n f i n i t e l y li^ug r e c t a n g u l a r p a r a l l e l 
p l a t e s a s b e a r i n g snrfao^^fi pep .c ra ted by a t h i n f i l m of power 
law I n b r i onufe. Vj e assume t h a t t h e p l a t e s a r e a p p r o a c h i n g eac/i 
o t h e r w i t h a r e l a t i v e v e l o c i t y V and t h e l u b r i c a n t i s b e i n g 
squeezed ou t due t o t h i s r e l a t i v e m o t i o n . The p h y s i c a l 
s i t u a t i o n i s shown i n P i g . 2. 2 . 
S i n c e t h e flow i s due t o s q u e e z i n g , on i n t e g r a t i n g 
e q u a t i o n of c o n t i n u i t y f^ "*• Q T - ^ ^^'^ u s i n g t h e bounda ry 
c o n d i t i o n s v = -— a t y = — and v = - ^ a t y = -— , we g e t 
9 ^ = b-vr ( g . i 4 ) 
I n t e g r a t i n g equr . t ion ( 2 . 1 4 ) and u s i n g t h e c o n d i t i o n Q = 0 a t 
X = 0 , g i v e s 
Q = bVx ( 2 . 1 5 ; 
Combining e q u a t i o n s ( p . l l ) and ( 2 . 1 5 ) , we g e t 
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_ = - m ( ^ . V) ( I ; . X (2.16) 
In t eg ra t i ng equat ion (2.13) and u s i n g t h e cond i t ions 
P = P^ at 
T = T at 
0 
X = 0 
X - 0 
g3.ves 
p C (T- T ) = - (p* p ) (2 .17 . 
.Giving equa t ions (2.3) and ( 2 . 1 7 ) , we o b t a i n 
>^ P/Po -p 'PeA 
1 1 1 = 1 1 1 ^ 8 . e (2 .18 ; 
wJaere >- = P^(a '+ ^) , t = P C^ a r e the d imens icn less 
o 
•parameters and 
-P 'T , 
m = m' e o o 
From equa t ions (2.16) and ( 2 . 1 8 ) , we get 
dp 
dx 
W P , 
m e 
o 
. ,-*'PoA(^.,,".(|)> (,.,8, 
I n t e g r a t i n g equat ion (2.19) and us ing the condi t ion 
p = 0 at L 
^ = 2 
g i v e s 
P = ^ In 1 -
Xrn^e 
-PP.A 
Po(n+l) 
2n+l n „ 2n+l Tjn+l n+1 ( ^ .V) (|) • . p -X 
( ? . SO) 
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The l o a d c a p a c i t y c f t h e b e a r i n g i s g i v e n by 
L / g 
W. = 2b / pdx 
o 
(2- 2L'; 
which on u s i n g e q u a t i o n ( g . 20) g i v e s t h e 
l o a d c a p a c i t y W^  a s 
• d i m e n s i o n l e s s 
W^ = / 
^ (ml)"e~^'PoA Vl n+1 
^.(igl)%-^'^oA,,( ,^n.X, dX ( g. gg; 
\. m V^ L 
where W^  = TT^rr- » V -^ 
n+1 
•l - bp L 
o PQ- h^^^^ ' 
~ _ ^ 
For smal l v a l u e s of X , e q u a t i o n ( 2 . 2 2 ) s i m p l i f i e s t o 
L / g n+1 
WT = 2bp^ / f l f 
o P^ '1 
a-| i^  
1-" p (n+1) {(1) n+1 n+1 dx 
wh ich on s o l v i n g g i v e s 
W^ = X ag Bf + a 3 B^ ( g . g3j 
n gn+1 rp'p /Y 
where a-^  = % ( ^ . V ) ^ | ) ~""^- ^ " ^ ° ' 
a. 
ag = 2 bp^ (L /2 ) 
gn+3 
a. 
t p ^ ^ 2 ) 
n+2 
n+1 
( 2 . 24) 
s o l v i n g e q u a t i o n (2.23)* f o r B^ we g e t 
- 24 
B. 1 ^ (1- -V-) ( 2 . 25) 
S u b s t i t u t i n g t h e e x p r e s s i o n s f o r a^ , a , and E^ from ( 2 . 2 4 ) 
i n e q u a t i o n (2 .25 ) and r e p l a c i n g ^ = ~ gT and t h e n i n t e g r a t i n g 
we g e t t h e s q u e e z i n g t i m e f o r r e d u c i n g t h e f i l m t h i c k n e s s from 
an i n i t i a l v a l u e h. t o a f i n a l v a l u e 
Y\j^ a s 
h„ f o r a g i v e n l o a d 
S+2 -P'py"lf 
1 - n+1 * ^ ^ 
n+2 
-) 
1 / n r v7_^X(n+2) "I 
L ii( 2n+ 3) J 
1 
h. ^ 
1) 
where t., = 
1 1 + 1 
n n 
(bm„ L'^^S) 
T /n" and ^f = ~ 
I n 
( 2 . S€) 
I n t h e c a s e of c o n s t a n t c o n s i s t e n c y i n d e x i . e . , when p', X -* 0, 
t h t e x p r e s s i o n s (2 .22 ) and (2 .26 ) r e d u c e t o 
2hm n 2n4-l 
\ = n+2 ^ 2n • ^ ^ h ^ ^ ^ 2 ^ 
n+2 
( 2 . ? ? ; 
t-j_ = 2. n+1 
4 b m ( L / 2 ) 
I V»^(n+2) 
n+2 1 /n 
• ( 
1 
i-i 
1 
1+ i) 
n 
12.28) 
The above e x p r e s s i o n s a r e t h e same a s t h o s e o b t a i n e d e a r l i e r , 
Shuk la and I s a ( 1 9 7 4 ) , f o r t h e c a s e of p a r a l l e l p l a t e s . 
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2 . 3 SQUEEZE FILM BETVvEEN TWO CIRCULAR PLATES 
i^ ow c o n s i d e r two c i r c u l a r f l a t p l a t e s o f r a d i i R . The 
c l e a r a i i c e space i s f i l l e d w i t h a power law l u b r i c a n t whose 
c o n s i s t e n c y v a r i e s e x p o n e n t i a l l y w i t h t e m p e r a t u r e and p r e s s u r e 
a s g i v e n by r e l a t i o n ( 2 . 3 ) . The l u b r i c a n t i s b e i n g r a d i a l l y 
d i s p l a c e d by t h e r e l a t i v e m o t i o n of t h e p l a t e s . The p h y s i c a l 
s i t u a t i o n i s shown i n E i g . ?. 3 . 
The e q u a t i o n d e t e r m i n i n g t h e p r e s s u r e i s o b t a i n e d from 
e q u a t i o n s ( .2 .11) , ( 2 . 1 5 ) and ( 2 . 1 8 ) by p u t t i n g x = r and 
b = 2icr a s 
dp W P . 
d r - WQ e . e 
- ^ ' P o / ' ^ , 2 n + l , , , ^ 
•2^  •r '^ ( 2 . 2 9 ; 
I n t e g r a t i n g 
c o n d i t i o n 
< eqi ia t i r .n ( 2 .29 ) and usi-ng t h e bounda ry 
l i v e s 
P = - ^ l n 
P = 0 a t r = R 
1 -
-P'P^A 
o - ono-n ^ o 2n+l n+1 n+1 
•<-2gi,V)(|) (R - r ) Im e ^° 
Vjn+l) 
( 2 . 30) 
The l o a d c a p a c i t y of t h e b e a r i n g i s g i v e n by 
R 
^»o = / Sitr p d r 
w h i c h on u s i n g e q u a t i o n (2 .30 ) g i v e j 
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1 - . - e ^ - (-2S±i) . )..\^  ( 1 - r 
-^  ^ n + 1 ^ n •^  ^ 
- 2+1^  ),{? n - ; ^ ^ ^ i ^ 
where W = — | , V = - ^ — - ^ ^ , T = R 
.y'or smal l v a l u e s of X e q u a t i o n ( g . SL'' can be w r i t t e n a s 
' h i c h on s o l v i n g g i v e s 
Vig = X ag B^ + ag Bg ( 2 . 3 2 ) 
vv'here 
n -, 2n+l -p 'j) /-^ 
2n+4 
2 
ag = 
^4 
p 5 
^0 
-)xp R 
(2n+4) (n+3; 
( 2 . 3 3 ) 
n+3 
S o l v i n g equatic->n ( 2 . 3?j f o r B , we g e t 
W a^ W X 
^2 " a ^^~ ~ 2 ' ^ (2.M) 
6 ag 
ihe time of approach t ig obtained as in the previous case 
from equation (2.34; as 
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~P PQ/^ n r ^„X n+3) 1 / 1 \ , 
35, 
where t_ = 
1 1 + i n n 
2 _ 
n+3 -
h ^ 
o '^  
B^f p u t t i n g |3 , X = 0 i n e q u a t i o n s ( 2 . 3 4 ) and ( 2 . 3 5 ; , we ge t 
t he r e s u l t s a s o b t a i n e d by Shuk la and I s a (197 4) when i n t h e i r 
oasfe s t e p l o c a t i o n K = 1 . 
•p. 4 EXTERi^ ALLY PRESSURISED COMICAL STEP BEARING 
C o n s i d e r t h e c a s e of an e x t e r n a l l y p r e s s u r i s e d c o n i c a l 
b e a r i n g w i t h s t e p p e d f i l m t h i c k n e s s u s i n g a power l a w 
l u b r i c a n t . The p h y s i c a l d iagram i s shown i n P i g . 2.5 . L e t 
t h e s t e p b e l o c a t e d a t r = KR (0 < K < 1) and t h e f i l m 
t h i c k n e s s and t h e p r e s s u r e i n t h e two r e g i o n s a r e 
h = h ^ , P = P ] _ y K ^ R _ < r i K R 
h = h^ ^ , P - Pg , KR _< r i R 
The e q u a t i o n s d e t e r m i n i n g p r e s s u r e and t e m p e r a t u r e of t h e 
l u b r i c a n t can b e w r i t t e n from e q u a t i o n s ( 2 . 1 1 ) and ( 2 . 1 3 ; by 
r e p l a c i n g x by r and p u t t i n g b = gfirsinO , a s 
£ £ i _ - , r i n ± l l _ a _ f ( ^ r " - - 1 - ( 2 . 5 6 ) 
d r - °^  L4n7isine J ^ h^^ * ^n v^. ^o; 
( i = 1 , 2) 
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Fig-2-5-FiOW OF A POWER LAW FLUID IN 
I FP^BFlp iM^f l ^^ ' ^ ' ^ ' ^^ CONICAL S CP BEARING(e=60,KaO-1,h/Rr-00'l) 
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p C 4 ^ = - : ^ (2.37) 
The bcandary cond i t ions f o r t empera ture and p r e s s u r e i n t h i s 
case a re 
T = T^  at r = K^ R (2 . 3^) 
Pi = P-L = Pg at r = K^ R (2 . 39j 
P-L = Pg = Pg at r = KR 
Pg = 0 at r = R 
(2.40) 
I n t e g r a t i n g equat ion ( 2 . 3 7 ) , us ing the boundary cond i t ion( p./)8) 
(2.39) and then combining equ?t i«n ( 2 . 3 ) , we get 
m = m^  e ^ . e ^ (2 . 41; 
i'rom equa t ions (2.33) and ( 2 . 4 1 ; , we ge t t h e equat ion 
determining t h e p r e s s u r e as fo l lows 
^ _ . . "P'V^ W P e r(2n+l) Q I ' ' .2 f^ ^ _1_ 
d r - % ® ~ ' ^ ' I I ^ T i i n r j • '\^ - ^n L4n7isine J * ^\' 
( 2. 42) 
I n t e g r a t i n g equat ion (2.42) and us ing the boundary coj id i t ions 
(2 . 39) and (2.4D) g ives 
^1= "T UJ^l-i i l fA (g^K -^- rl--)] (2.43, 
I r ( l - e ^ _ 2n+l _ l -n - l 
La 1 . hj_ . ( 1 - r )j (2 .44 ; 
where 
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g = (K - K 
1 m. 1 m _ gn+1 1 -n 
) ^ h^ . ( 1 - K ) 
h h^=. -^ = 1 + ^ 
The p r e s s u r e a t t h e s t e p and t h e f low f l u x a r e g i v e n by 
P . S - X 
-^e (n 1 - e _2n+l 1-n, 1 - - ^ . i^ (1 -K-^^^ ) ( 2 . 4 5 ) 
1 
4n-n;sine h, n 
gn+l ' * 2 ^ 
2+^ r P ^ ( l - n ) ( l - e ) 
- X m g iT" ^  =rprA 
l /n 
( 2 . 4 6 ) 
The cor i -eepnnding f],ow f ] u x f o r c o n s t a n t c c n p i s t e n c y i n d e x 
i s o b t a i n e d a s 
2-fi n t-
4mxsin.e h. P o ( l - n ) 
Lm g o '^  R^-^ J 
1/n 
( 2 . 4 7 ) 
From e q u a t i o n s (2 .46) and ( ? . 47) we g e t 
Q r i ^ 
"> "X 
_X l / n 
e 
( 2 . 40) 
j.'he l » a d c a p a c i t y of t h e b e a r i n g i s d e f i n e d a s 
Y. = up K^ R^ sin'^G + / Znr s i n e 
^ ® ^ K R 
0 
PL s i no d r 
R 
+ 2rtKR s i n e . p h cosB + / P^tr s i n O . p sinO d r 
^ ® KR ^ 
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which on using equat ions (g. 43), ( g. 44) and ( ?. 45j , g ive s ta , 
non-dimensional load capaci ty as fo l lows 
r^j^{;-ii)(i-;) y K - g-n . p 
'K^ g - ( l - e ) (g+K^ - - ^ 
d r 
r - -) 
+ / 
- ^ " ^ ^ - p - n p 
- " ^ (-) _~ 1"^N u g n + l K g- (1 -e " ) ( l - r ^ '') h^ 
- - ^ h (h^- 1) sinb cose UT. 
. dr 
1 -
Jk gn+l . ^ 
(1 -e ) i^ . ( 1 - K ^ ^ ) ^ 
g 
( g. 49) 
W i i . 
where ?. = 2^— , h .-. — ^ 
^e 
The expres s ion fo r the load capac i ty f o r Kewtonian l u b r i c a n t 
i s ob ta ined by l e t t i n g n -* 1 , as 
h 1 - e 
X r ^ 
/ 
r . s i n ' 
K 
- o g^ - ( 1 - e ) ( g ^ - l n ^ ) 
d r 
- -3 p 
1 r h . sin-^f 
+ / ^— dr K J- _3 g-]_+(l-e )h^ U ? 
--2L h fh --J li (h_^-l) sine CO s9 
k 1 -1+ ^•^InK] (g. 50; 
_3 
where §1 = ^ | ~ ~ ii, l^ K 
In the case of constant cons is tency index the equa t ions 
(g. 49) and (g.50) s implify to 
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V = K^ s in^e+ I hA^i • l ) i ^ K ( l - K^ "^) s i n cosO + -—^ . s in^ ' j 
C O g 2 1 1 6 
f o r n ^ 1 (2 .51 ) 
^ 3 - n _ j , 3 - n 
where F = ^ K^'^ili^- K^ ) 2 — 
_2n+l 
\ • 
^ ( 1 - K^"^) ( K 2 - K 2 ) + ^ ( 1 - K 2 ) - ^ " t 
o^ 2 -^  3-rL 
\" = K^ s i n ^ e - - ii R (iL - 1) sinO c o s e . K l / ^ K - — s i n ^ e (2.-'^2 C O g-^  2 1 tL ^ g-L 
f o r n = 1 
^3 
where i \ = K^ Ln | - i ( K 2 - K ^ ) + -^ [ ( K ^ - 1 ) - 2K^ L nKj 
The e x p r e s s i o n g i v e n by e q u a t i o n ( 2 . 5 1 ) i s t h e same a s 
o b t s i n e d by Shukla and I s a ( 1 9 7 4 ) . 
2 . 5 i^OM-COKTACTIiiG iiYLROSTAlIC STIP SEilL 
C o n s i d e r t h e flow of a power l aw l u b r i c a n t t h r o u g h t h e 
i n f i n i t e l y l o n g s t e p p e d c l e a r a n c e of a n o n - c o n t a c t i n g 
h y d r o s t a t i c s t e p s e a l due t o h i g h p r e s s u r e p a t x = 0 . 1' ? 
p n y s i c a l c o n f i g u r a t i o ^ i s shown i n F i g . 2 . 4 . 
From e q u a t i o n s ( 2.11) and( 2.13) , t h e ec jua t ions de t e rmin ing , 
p r e s s u r e and t e m p e r a t u r e of t h e l u b r i c a n t a r e g i v e n by 
^^i . . r ^s±i (>"" r ^ f ^ ^ fP ..^ 
-3S 
p 0 ^ dx ( 2 . 54) 
wi e r e i = 1 i n t h e r e g i o n 0 _ < x ^ K L , h = i L and i = 2 
i^i sae r e g i o n KL< x _< L , h = h and Q i n flow f l u x wlriich 
t s c o n s t a n t . 
The bounda ry c o n d i t i o n s f o r t e m p e r a t u r e and p r e s s u r e 
a r e g i v e n by 
T = T 
p . = p. = p 1 
TD„ = 0 
at 
at 
at 
at 
x = 0 
X = 0 
X = KL 
x = L 
( 2 . 5 5 ) 
( 2 . 56) 
( 2 . 5 7 ) 
I n t e g r a t i n g e q u a t i o n (2 .54 ) and ugLng boundary c o n d i t i o n s 
(2 .55 ) and ( 2 . 5 6 ) and t h e n combin ing w i t h e q u a t i o n ( 2 . 3 ) 
we ge t 
m = m e 0 
Jv/i ^v^/v^ (2 5o) 
From e q u a t i o n s (2 .53) and ( 2 - 5 8 ) , we g e t t h e f i n a l e x p r e s s i o n 
d e t e r m i n i n g t h e p r e s s u r e a s 
dp^ 
dx % ^ f./^ . ,^VPe[l^.,j",^r (2 39 
i n t e g r a t i n g e q u a t i o n (2 .59 ) and u s i n g t h e b o u n d a r y c o n d i t i o n ^ 
^P.56) -and ( 2 . 5 7 ) we g e t 
P l = 
£e|n 
'¥{^-^'i} 
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^ 2 -
- -_e In -, - „ ?n+l 
f 
(2. c" 
2n+l 
Aiiere f = K ( - | - ) ^" ' + ( l - K ) ( - | - ) 2n+l 
2 s 
l ;-e e x p r e s s i o n f o r t h e flow- f l u x i s g i v e n by 
Q = gnb 2n+l 
• p ^ O - e ) 
m^ 'X L f e 
. 3 ' p / r _ 
1 
ft 
(2 . 6^ 
.or ^ , "X -* C -, t h e f lew f l u x Q f o r c o n s t a n t co-.o^u ,(_x cy 
i.r>er i s i:;iven "by 
1 
Q Pnb 
o 2n+l 
/ ^e ^n ( 2 . 6 3) 
r'rom e q u a t i o n s (2 .6Z) and (2 . fe5) , we g e t 
Q Q ~ o 
X 
1 - e ^ 
—J7—7^ 
1 
n 
"• > e 
( 2 - 6 4 ) 
't 1L i ' i c a p a c i t y c f che b e a r i n g i s g i v e n by 
KL L 
^'rr = b / JL dx + b / p^ dx 
^ 0 -^  KL ^ 
:n r n usin^-, e q u a t i o n s (?- 6''^ ) and ( 2 . 61) g i v e s 
V = 
1 
X ( l - e ) h-
2n+l - ( 1 - e 
1 
; > i' 7- ' 
( R - er-j 
- 3 5 
vviiere \i „ = 'H 
_2n+l 
¥^ = [jn. 
' 2 - ^ 
=1 
:: i^ . + rL 
f e + K (1 - e ) 0 ^ 
^0 - ( ^ fo - (1 -
u ^; 
- La (f^ ;^ 
_ -^ _2n+l 
e ) (1 - K) £j_ 
I n t h e c a s e of c o n s t a n t c o n s i s t e n c y i n d e x e q u a t i o n (2 .6 5) 
r e d u c e s to 
K^ + (1 - K^) h-
Vi = 
_2n+l 
1 (2.66 
2 K+(l - K ) h^ 
-Ctiis e x p r e s r i o n i s tiae same a s o b t a i n e d "by Shuk la and I s a ( l 0 7 4 } 
Yvlien i n t h e i r c a s e t h e r m a l e f f e c t s a r e n e g l e c t e d . 
2.6 RiSULTS TU^D HSCUSSIONS 
The v a r i a t i o n s of W-, w i t h p ' p / t i n c a s e of s q u e e z e f i l n 
p a r a l l e l p l a t e s a r e shown i n j?ig. 2 . 6 . I t i s s een t h a t f c r 
f i x e d n , cc' P and V , t h e l o a d c a p a c i t y d e c r e a s e s a s 
3 ' p / T i n c r e a s e s . I t i s a l s o n o t e d t h a t \'<-, i n c r e a s e s a s n -> 
(x'p i n c r e a s e s f o r f i x e d |3 'p A and V . S i m i l a r s i t u a t . 1 
r e c u r s i n c a s e of squeeze f i l m c i r c u l a r p l a t e s as_ cboa b e set.r 
from i ' i g . 2. 9. The v a r i a t i o n s of d i m e n s i o n l e s f f i l m t h i c k n e j - j 
h^ w i t h a i m e n s i o n l e s s t i m e t-, a r e shown i n P i g s . 2 .7 and 2 .8 . 
I t i s n o t e d t h a t £ d e c r e a s e s a s ^ ' p A i n c r e a s e s f o r f i x e a 
n and a'p and i t i s a l s o s een t h a t t ^ d e c r e a s e s a s n 
i n c r e a s e s f o r f i x e d a 'P^, and (3*p A * I'^e b e h a v i o u r of h 
w i t h t i n c a s e of c i r c u l a r p l a t e s a r e s i m i l a r a s can b e s to i . 
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i n the parameter >, an increase in X tends to decrease 
the load capacity. In case of squeeze film bearings, the 
load capacity decreases with the increase in the tenperature 
parameter and increases with the increase in the pressure 
ptrometer for a l l values of the flow behaviour index n . 
CHAPTER - I I I 
STEP BEARINGS VHTH MIGROPOLAR LUBRIGAtJTS 
The e f f e c t s of polymeric a d d i t i v e s i n f l u i d l u b r i c a t i o n 
may be t l i eOre t i c a l l y analysed by means of a mathematical model 
account ing fo r the v i s c o s i t y of the base l u b r i c a n t , 
concen t r a t i on of the a d d i t i v e s , p h y s i c a l i n t e r a c t i o n and 
i n e r t i a l c h a r a c t e r i s t i c s of the s u b s t r u c t u r e . I n case of 
phys i ca l i n t e r a c t i o n , t h e so l i d p a r t i c l e a d d i t i v e s , apa r t from 
moving wi th the usua l v e l o c i t y of t h e l u b r i c a n t , undergo 
m i c r o r o t a t i o n a l motions about the cen t r e of mass. The 
c l a s s i c a l Navier"Stokes theory i s inadequa te i n p r e d i c t i n g t h i s 
phys ica l phenomena. To study the micro r o t a t i o n of the s o l i d 
p a r t i c l e a d d i t i v e s and i n e r t i a l c h a r a c t e r i s t i c s of t h e 
s u b s t r u c t u r e , i n r e l a t i o n to flow behaviour of the l u b r i c a n t , 
t h i s suspension can be regarded as mic ropola r f l u i d s , Eringen 
(1965), Allen e t . a l . (1967), Allen and Kl ine (1971) and KhadoJ? 
and Vachon (197 3 a) . As descr ibed i n chap te r I , t h e 
c h a r a c t e r i s t i c s of mic ropo la r f l u i d a s l u b r i c a n t i n b e a r i n g s 
of v a r i o u s c o n f i g u r a t i o n s have been i n v e s t i g a t e d by Agarwal 
(197?) , Dat ta (1972), Mai t i (1973), P rakash and Sinha (l975y 
1976, 1976a) and Shukla and I s a ( l975a, 1975b) . I n t h i s 
chapter , we have s tud ied the c h a r a c t e r i s t i c s of micropolai" 
f l u i d a s l u b r i c a n t i n squeeze fi lm b e a r i n g s by cons ide r ing 'lu 
e f f e c t s of s t e p s i n f i lm t h i c k n e s s , i n t h e fo l lowing two caseo 
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( i ) squeeze f i lm p&ra l l e l p l a t e s tep bea r ing 
( i i ) squeeze f i lm c i r c u l a r p l a t e s tep b e a r i n g 
3.1 BASIC EQUATIONS 
Eringen (1966) analysed the flow of a f l u i d con ta in ing 
s o l i d p a r t i c l e a d d i t i v e s and developed a theury of mic ropo la r 
f l u i d s which t a k e s i n t o account t h e microscopic e f f e c t s 
r e s u l t i n g from l o c a l s t r u c t u r e and m i c r o r o t a t i o n of t h e f lu id 
e lements . Er ingen der ived the fo l lowing l>asic equa t ions 
governing t h e flow of the micropolar f l u i d s 
= (X+2P+ / ^ ) V (V^  . v ) - ( | i + / i - ^ ) V x ( ? x V)+jU^Vx 
w - Y p + p / - ( 3 . 1 ; 
P J W=(a^+p^+t) 7 Y .W-*f 7 X VX W+ yUj^  V X V 
- 2yu-j_w + p l ( 3 .2 ) 
y . V = 0 • (3.3) 
where Y ®^^ ^ ^^^ ^^'^ v e l o c i t y and m i c r o r o t a t i o n v e c t o r s , 
/A-[_' a^> Py and "Y a re the ma te r i a l c o n s t a n t s , J^  a n d / i a re 
t h e c l a s s i c a l c o e f f i c i e n t s of v i s c o s i t y , p i s t h e p r e s s u r e , 
p i s the densi ty , . / if; t h e body furce per u n i t mass, 1 i s ^i-
body moment p e r u n i t mass, j i s the m i c r o i n e r t i a , and dot 
over w denotes d i f f e r e n t i a t i o n w i t h r e s p e c t to t ime. 
Now, cons ider t h e flow of a mic ropola r f l u i d i n a t h i n 
f i lm between two i n f i n i t e l y l o n g r e c t a n g u l a r p l a t e s . Let t he 
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upper p la te be approaching the lower p l a t e with a normal 
veloci ty V and as a r e su l t of t h i s normal motion the f lu id i s 
Deing squeezed out. The ccordinate system i s shown i n jJ'ig.S.l 
To derive the equation determining the pressure in the 
lubr icant film, l e t us consider the following components of 
veloci ty and microrotat icn vectors 
V = ( u-^, Ug, 0) 
(3.4) 
W = ( 0 , 0 , Wg ) 
where t h e v e l o c i t y component i n t h e d i r e c t i o n normal t o t h e 
p l a n e of the f i l m i s v e r y smal l i . e . , u << u , , and t h e 
component i n t h e z - d i r ^ s c t i o n i s z e r o . The m i c r o r o t a t i c n 
component e x i s t s on ly i n z - d i r e c t i o n . 
I n t h e a b s e n c e of body f o r c e s and body moments, t h e 
e q u a t i o n s (3 .1 ) t o ( 3 . 4 ) a r e s i m p l i f i e d , u n d e r t h e u s u a l 
a s s u m p t i o n s uf l u b r i c a t i o n t h e o r y , t o y i e l d 
aw dP 
+ Mn r^T^ - : ^ = 0 ( 3 . 5 ) ( ^ •+ 
T 
• P i ) 
a2w3 
dy2 
oy"^ 
- y ^ 
f^i ay ~ dx 
du, 
- J - 2 /^l^s = 0 (3.6) 
5u, du 
— i + ^ = 0 (3 .7) 
9x 9y 
The boundary conditions for the ve loc i ty and microrota t icn 
components at the surfs.cep are 
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Vi 
p=0 h u p=0 
0 
Fig-3-1-Row of a micropolar fluid in a thin clearance 
R 
V 
^—KLTH 
K-? J' I 
a X L I 
Fig-3-2~Squeeze film between stepped parallel plates 
y^ith mjcropolar f lu id. 
P. 
V 
{ • ^ K R H 
2 h i 
0.: 
h 2 
Fig-3-3Squee/.e f i lm hehv^'^n ^tf^pn'^''' rc^r^\\^'\ 
C!rc,u!-?r phr.c?s w i t h rn>^ r f^nr i ln r H j i H . 
~bi 
u-j_ = 0 a t y = 0 , y = h ( 3 . 8 ; 
u = 0 a t y = C, Ug = - V a t y = h ( 3 . 9 ; 
w^ = 0 a t y = 0 , ii (3.-1C; 
where V i s t h e r e l a t i v e normal v e l o c i t y of t h e u p p e r p l a t e 
and h i s t h e f i l m t h i c k n e s s . 
S o l v i n g e q u a t i o n s (3 .5 ) and ( 3 . 6 ) u n d e r t h e boundary 
c o n d i t i o n s ( 3 . 8 ) and (3 .10) we ge t 
y ^ dp 
u-j^  = A^(p Kinh Xy+2yW B^p(cosh Xy- 1 ) + . - ^ 
( 3 . 1 1 ) 
y dp 
Wg = A-^(cosh Xy- 1 )+ Bj^  s i n h Xy . - ^ ( 3 . 1 2 ) 
h dp h 1+cCsh Xh dp 
where A^  = . -r- , -^ i = ^ ) ' 1 ^ 
2 ( 2 j a + ^ - ^ ) ^^ 2(2ju+yu-j_) s i n h Xh 
XT 8 2 ( 2 ^ + fx-^) /^j_ 
~ Fl X ' ( ^ + ^ ^ ) T 
The flow f l u x of t h e l u b r i c a n t i s d e f i n e d a s 
h 
Q = b / u . dy ( 3 . 1 3 ; 
o 
wh ich on Us ing e q u a t i o n (3 .11 ) g i v e s 
dp 6 ( 2 p + /^ ;j_) Q 
dx " V >,3 
( 3 . 1 4 ) 
b h"^  G 
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This equation determines the pressure distritution in th.e film 
of -che lubricant, where 
^ Fl 1 - a co t i i a 
G = 1 + 
2(1+ /!-]_) a 2 
2 ^\ "^ y\^2^/^i) - _ ±1 
a 
4k^ 4 k ^ r n ^ /^ 
r r 
The P a r a m e t e r s jZ and k a c c o u n t f o r t h e c o n c e n t r a t i o n 
of mic ro s t r u c t u r e s i m p a r t e d t o t h e l u b r i c a n t due to p r e s e n c e 
cf a d d i t i v e s and s i z e ( r a d i u s of g y r a t i o n ) of t h e s u b s t n i c t u . - L s 
r e s p e c t i v e l y . The i m p o s i t i o n of t h e c o n d i t i o n s ja-^ "* 0 , 
a -* 0 o r k -^  0 o r M -* °° p e r m i t s t he r e c o v e r y of c l a s s i c t i l 
l^ewtonian c a s e . 
I n t e g r a t i n g e q u a t i o n of c o n t i n u i t y (3.'7} u n d e r t h e b o u n d a r y 
c o n d i t i o n ( 3 . 9 ) g i v e s 
5Q 
^ - = bV ( 3 . 1 5 ) 
ox 
3 .2 SQUEEZE FILM PARALLEL PLATE STEP BEARIiMG 
C o n s i d e r t h e flow of a m i c r o p o l a r l u b r i c a n t i n a s t e p p e d 
c l e a r a n c e b e t w e e n two i n f i n i t e l y l o n g r e c t a n g u l a r p l a t e s , t h e 
p h y s i c a l c o n f i g u r a t i o n of w h i c h i s 'sh.own i n F i g . 3. 2. ^'e aasi^ 
t h a t t h e u p p e r p l a t e vvhich i s s t e p p e d a t x = KL and x = - K.L 
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/ 
(0 < K < 1) i s approaching w i t h a r e l a t i v e mrmal v e l o c i t y V 
towards the unstepped lower p l a t u . The l u b r i c a n t i s "being 
squeezed out due to t h i s r e l a t i v e motion of the upper p l a t e , 
I'he f l u i d flow i s symmetrical w i th r e s p e c t to l i n e x = 0 and 
the f i lm th i cknes s h , p r e s s u r e p and the flov; f lux Q i n 
the two reg ions are 
h = i i ^ , p = p ^ , Q = Q i O i x i K L 
h = hg , p = Pg , Q ^ Qg KL < X i 1 
The equa t icn (3.15) can then be w r i t t e n as 
QQ, 
fix 
I n t e g r a t i n g equat ion ( ? . 1 6 ) , we ge t 
Q^ = bVx + A^ 
Qg = bVx + Ag 
^ = hV ( i = 1,2) (3.16) 
(3.17) 
u s ing Q = Q at x = KL g i v e s A^ = A = A cons tan t , Dae 
to symmetry Q = 0 at x = 0, t h i s cons tan t i s zero l e a d i n g 
to the f i n a l equat ion determining the flew f lux Q^  as 
Q^  - hVx (5,18) 
i'rom equa t ions (3.14) and ( 3 . 1 8 ) , the e q u a t i j h determining 
the p r e s s u r e d i s t r i b u t i o n i s g iven by 
dp. 6 ( a i + LL) Vx 
____x -^i '_l (3.19) 
^"^ h? G. 
1 1 
v/here -50 
G. = 1 + 
Ml 
2 ( 1 + fj) 
1 - aj_ c o t h a^ 
2 
a-
2 
x^ h? 
(1 + fj) 
h? 
4 k: 
^^ le bounda ry c o n d i t i o n s f o r p- a r e 
P-, = p a t X = KL 
a 
p„ = 0 a t X = L 
2 
( 3. 20) 
I n t e g r a t i n g e q u a t i o n ( 3 . 1 9 ) u n d e r t h e b o u n d a r y c o n d i t i o n s 
( 3 . 2 0 ) y i e l d s 
p-j_ = 3(2/1 + /^l) V [- _ + -
^ "^ i ' ^8 ' ' 2 
(s.a; 
L 2 - X 2 Pg= 5(2p+^,) V [ - ^ f - ] 
ii G 2 2 
(3 . 22; 
rJae l o a d c a r r y i n g c a p a c i t y of t h e "bearing i s d e f i n e d a s 
KL L 
• 1 - 2b / P-, dx + 2b / P„ 
^ o ^ KL ^ 
^ . = dx ( 3 . 2 3 ) 
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Using equat ions (? . gL) and (3.22) fo r p and p r e s p e c t i v e l y 
i n equat ion (3.23) g ives 
M^ = 8 p b L 2 V ( 1 + i ^ ) [ K 3 / h ^ G ^ + ( l - K ^ / b^ Q^ (3.24) 
Tile load carryirig capac i ty i n d imens ionless form i s g iven by 
Y/i=(l+^) (1-K3)/G + K U h^ + ^^^ 3 . r ^ ^> 
L ^ t 2(1+ /i;^ ) «2 
3. 25) 
where f^  = T.-^ tip / 8 jnhlj"^^ , ii^ ^ h^ / 
S u b s t i t u t i n g V = - dh / dt-^ ^ i n equat ion (3.24) and then 
i n t e g r a t i n g , we get t h e t ime of approach f o r r educ ing t h e f i lm 
t h i c k n e s s from an - in i t i a l—va lue—-h—ef h t o a f i n a l va luo 
0 2 
^x as fo l lows '. 
V ^^^ " ^ ^ -^  l^^" 2^ <^  / ^o) K' 
' 2(1+ /I-L)' «2 ^ l + ^ y £ )^ 
x-1 
^. . ' -^ ^ P l ^ p 1 - a ^ i i p co th a_h 
"^  2(l+yu-L} 2 
a 0 
2 
-1 
J 
dhg (3 .26 ; 
where tj_ = %-^h | t^ /8^ hL^ , a^ =>^h2/4 = M^fl-^{2^ /^ l^/^^-^ /^l) 
i = h / 4 k^ , h r = h r / h , h„ = h / h , h = h / h 
o o^  r ' t j ' ^ o ' 2 2 ^ o ' s s ^ c 
-ec 
when A - 0, a - 0 , a^ - 0 and G^ - 1 * Then the load 
capac i ty and the time of approach fo r t h e c l a s s i c a l Wevvftonia^ 
a ra obta ined as 
Vi^  = S^bL'^V l h? h? J 
^ 
(3,^7) 
\ = 
8 p b L ' 
W 1 
• [ ^ ' ^ h2. 
J 
i _ N ._ ^ Tr3 /_.!_ 
h' 
r) - h K'^  (-
V 
1 
h^ -^  
(3 . 28) 
?. 3 SQULLZE PILl'iI CIECXJLAR PLATE STEP BEARING 
Now cons-Lder t h a t t h e m i c r o p c l a r f l u i d i s s q u e e z e d ou t m 
a s t e p p e d c l e a r a n c e b e t w e e n two ci r .GUlar p l a t e s , due t o 
t o normal m o t i o n of t h e u p p e r s u r f a c e a s shown i n i ' i g . 3 . 3 . 
C o n s i d e r i n g t h e v e l o c i t y and mic ro r o t a t i o n components a s 
\^  = (uj , 0 , u^) and w = (0 , w , 0; r e s p e c t i v e l y and u s i n g 
u s u a l l u b r i c a t i o n a s s u m p t i o n s i n e q u a t i o n s ( 3 . 1 ) - ( 3 . 3 ) , we 
g e t t h e f o l l o w i n g e q u a t i o n s g o v e r n i n g t h e flow of t h e l u b r i c a n t , 
oz 
8w dp 
(3 .29 ) 
a^w. 
oz 
au 
+ h ^ 1 - 2 /^ l"2 = 0 
r a r 1^  + 
8u 
— ^ - 0 5z - ^ 
( 3 . 3C) 
( 3 . 31) 
The boundary cond i t i ons f o r u-, , u and w at t he surfacet; P 
- 6 1 
u , = 0 at z = 0 and ? = h. ( 3 . 38) 
u = 0 a t z = 0 and u = -V a t z = ii. (3 .33) 
w = 0 a t z = 0 and z = h. ( 3 , 34) 
S o l v i n g e q u a t i o n s (3 .29 ) and (3 .30 ) u n d e r t h e bounda ry 
c o n d i t i o n s ( 3 . 3 2 ) and (3 .34 ) , we g e t 
u^ = A (jBsinh X z + 2 z ) + B ^ ( cosh. Xz- 1) + 
,2 dp 
2^+ pi d r 
(3 .35 ) 
'^ ^2 = 
• 2 ^P 
A(cosh Xz- 1 )+ B s i n h Xz - r - ( 3 . 36 ) 
where 
A, 
B, 
2( 
h . 
1 
h . 
1 
? lu + •J\) 
dp 
dp 
d r 
1 + c o s h Xh. 
1 
2 ( 2 u + u;^) ^^ s i n h Xh^ 
Ihe flov(/ f l u x i n t h e r a d i a l d i r e c t i o n i s d e f i n e d a s 
Q!j_ = / "^  gfir u ^ d s (3. 3" ; 
which on u s i n g e q u a t i o n (3 .35 ) g i v e s 
..h^G. 
"^i " 3( 2p. + jXj) . r 
dp 
d r 
( 3 . 38) 
whe r e p-j , Q, , h, and p , Q , h a r e t h e p r e s s u r e , f l u x 
and film thickness in the regiong 0 _< r ^ KR and KR _< r _< R 
respectively. 
Integrating equation of continuity (3.31) and using the 
boundary conditions (3.33), the flux Q^ can be written as 
8Q 
er 
- = 2)T;r V ( 3. 39) 
As in the pre\-ious case, since Q = 0 at r = 0 and Q-, -_= Q 
at T ^ KR, we get after integrating equation (3.39) 
Q^  = Tir"^  V ( 3. 40) 
Combining equations (3.38) and (3.4D) , the equation determirJLn^ 
the pressure i s 
dp^ 3Vr( 2fx + JiXj) 
dr h? G, 
1 1 
(3. 41) 
The boundary conditions for p. are 
Pi = Pg at r = KR 
Pg = 0 at r = R 
( 3. 42) 
Integrating equation (3.41) under the boundary conditions 
(3.42) , we get 
3V Pl = ~ ( 2 ^ + / . l) 
(K^R^- r^) R^(l - K )^ j 
u h^ -G3_ 
^2^2 ^ 
( 3 . 43j 
P 2 = - ^ ( 2 ^ - f ^ ) )2_ „2\ / v,<5 (R^- r'')/ h^ Gg j ( 3 . 44) 
-6 3 
The l o a d Gar ry ing c a p a c i t y of b e a r i n g i s d e f i n e d a s 
KP. R 
W„ = / Pn 2n.r d r + / p ^ gjxr d r 2 ^^  - 1 KR 
On u s i n g e q u a t i o n s (3 .43) and ( 3 , 4 4 ) , we g e t t h e d i m e n s i o n l e s s 
form of t h e l o a d c a p a c i t y as 
f:A 
37ip R. V 2 
4 ^ = (1+ — ) I - - ,^ 
(3^ 3 P A ^ 1- g, h^ coth d^  h^ -1 
2(l+/u -^ ) 
a 
^ 
J 
(3.45) 
S u b s t i t u t i n g V = - dh / d t i n equat ion ( 3 . 4 5 ) , jhe t ime of 
approacL i s g iven by 
%- ( 1 - 4 ) / 
V 
a- 3hg / h g ) K* 
y , l £ l ! ^ .' l-«o^,(l^gA)°°th{a^g,(l. g./h^)j[ -1 
2(1-^ /II) 
a 
::2 
« 
(1+ 2^ / h ) J 
s ' 2 
+ (1-K^) «<h^ + ,/ 1 2 2—2 Q_a 
r T -1 
2(1+ jl^) a o 
dh. 
( 3 . 4 6 ) ; 
v/here ^o = 2V»' h^ t „ / 3n/> R^ 2 2 0 2"^ ' 
when AJ-, -* 0 , the load capac i ty and t ime of approach f o r 
the c l a s s i ca l Newtonian case are obtained as 
-64 
* s = 
SrtjuVR- K^ . 1 - K ^ (3 . 47j 
37CJUR-
2 h ) h^ s ^6 
1 
h : 
(3.48) 
3.4 RESULTS M^D DISCUSSIONS 
Fig . 3. 4 shows the v a r i a t i o n s of the l oad capac i ty %-^  
of r e c t a n g u l a r stepped pla tes . , w i t h p.-. f o r f ixed h, . I t 
i s noted t h a t t h e load capac i ty i n c r e a s e s wi th the i n c r e a s e 
i n the parameter W-, c h a r a c t e r i s i n g t h e c o n c e n t r a t i o n of t h e 
n i c r o s t r u c t u r e s imparted to t h e l u b r i c a n t by the p re sence cf 
a d d i t i v e s and decreases wi th t h e i n c r e a s e i n the parameter 
M i . e . , w i th the decrease of the s i z e of t h e s u b s t r u c t u r e s 
( r a d i u s of g y r a t i o n k ) . I t i s a l so seen t h a t 1-, 
dec reases as the p o s i t i o n of the s tep K i n c r e a s e s . P ig . 3.5 
shows the var i i^ t ions nf \'i w i th iL f o r given yu and M . 
I t i s seen t h a t t h e load capac i ty of t h e bear ing i s always 
l e s s than t h e corresponding case w i t h uniform f i lm t h i c k n e s s . 
P ig . 3.6 shows the v a r i u t i o n s of d imens ion less f i lm 
t h i c k n e s s h r w i th t ime of approach t*-, fo r f ixed M , 
K and h . I t i s noted t h a t t h e t ime cf approach i n c r e a s e s 
s 
as the pa ramete r jl-, i n c r e a s e s . Thus the t ime of approach 
' ^ i th a micropolar f l u i d i s mere than w i t h a Newtonian f l u i d . 
Prom Pig . 3.7 , i t i s observed t h a t t he t ime of approach 
i n c r e a s e s as the parameter M i n c r e a s e s fo r f ixed 
-65 
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the increase in the step height or the pos i t ion of the stc 
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CHAPTER - ly-
iiYDHOSTATIC STEP SEAL Ml) EXTEEi^ ALLY PRESSUHISED 
COIICAL STEP BEARIi^ G VITH MICROPOLAR LUBRICANT 
I n chap te r H I , we iiave analysed step b e a r i n g s us ing the 
l u b r i c a n t suspension c h a r a c t e r i s e d as mic ropn ia r l u b r i c a n t . 
E x t e r n a l l y p r e s s u r i s e d optimum b e a i l n g w i th mic ropo la r f l a i 3 
as a l u b r i c a n t has been s tud ied by Shukla and I sa (1975b ) 
and i t has been po in ted out t h a t the maximum load capac i ty 
i n c r e a s e s as t h e s t e p he igh t r a t i o o r the pa ramete r 
c h a r a c t e r i s i n g the micro s t r u c t u r e i n c r e a s e s . This chap te r 
i n v e s t i g a t e s t h e c h a r a c t e r i s t i c s of h y d r o s t a t i c s tep sea l 
and ex t e rna l l y p r e s s u r i s e d conical s t ep b e a r i n g u s i n g 
micropolar f l u i d as l u b r i c a n t and the e f f e c t s of s tep i n the 
f i lm t h i c k n e s s a re po in t ed out . 
4 .1 BASIC EQUATIONS 
Let Us consider t h e flow of a mic ropo la r l u b r i c a n t 
between two i n f i n i t e l y long p a r a l l e l p l a t e s due to e x t e r n a l 
TJ ressur i sa t ion as shown i n F ig . 4.1 . Because of e x t e r n a l l y 
app l i ed p r e s s u r e , the l u b r i c a n t f lows only i n x - d i r e c t i o n 
and t h e r e i s no component of v e l o c i t y along y o r z d i r e c t i o n . 
The micro r o t a t i o n v e c t o r i s assumed to have only z-component , 
-•^ he o t h e r components a re neg lec t ed . Thus, by cons ide r ing t h t 
v e l o c i t y and m i c r o r o t a t i o n v e c t o r s as V" = (u-, , 0, 0) and 
w = (0, 0, w .^ ) and us ing the usua l assumptions of l u b r i c a t i o n 
'theory i n equa t ions (3.1) .and ( 3 . 2 ) , we get t h e b a s i c equa t ions 
p r 
h 
L 
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g o v e r n i n g t h e f low of t h e l u b r i c a n t a s 
d^U^ 9w^ dp 
a ^w„ 6u, 
The boundary c o n d i t i o n s f o r u , and w„ a t t h e s u r f a c e s arc 
u-i = 0 a t y = 0 and y = h 
^ ( 4 . 3 ) 
Wg = 0 a t y = 0 and y = h 
So lv ing e q u a t i o n s ( 4 . 1 ) and (4 .2 ) and u s i n g t h e bounda ry 
c o n d i t i o n s ( 4 . 3 ) , we g e t 
y ^ dp 
u n = A. (p s i n h Xy + 2y)+ B . p ( c o s h Xy-1)+ . — ( 4 . 4 ) 
y dp 
w = i L ( c c s h >vy-1) + B s i n h Ij . ^ ( 4 . 5 ; 
whe re A-,, B , p and X a r e t h e same a s d e f i n e d i n c h a p t e r I I I , 
The flow f l u x of t h e l u b r i c a n t i s g i v e n by 
h 
Q = / u dy ( 4 . 6 ) 
0 
Combining e q u a t i o n s ( 4 . 4 ) and ( 4 . 6 ) , we g e t 
bh'^G dp 
6 ( 2 P + F ^ ) "^ ^ 
w h e r e G i s a l s o t h e same a s g i v e n i n c h a p t e r I I I . 
-7 5 
5'rom e q u a t i o n ( 4 . 7 ) , t h e e q u a t i o n d e t e r m i n i n g t h e p r e s s u r e 
of tl?e l u b r i c a n t i n t h e f i l m i s 
- - = 3 — i - (4.8) 
4 . 2 i'TOW -COiJTAGTINC HYDROSTATIC STEP SLAL 
C o n s i d e r a n o n - c o n t a c t i n g h y d r o s t a t i c s t e p s e a l due t o 
h i g h e x t e r n a l p r e s s u r i s a t i o r of m i c r o p o l a r f l u i d a t x = 0 . 
S i n c e , t h e s e a l w i d t h i s sma l l i n compar i son t o t h e o u t s i d e 
r a d i u s , t h e i n f i n i t e l y l o n g c l e a r a n c e s o l u t i o n f o r de te rmin ing-
t h e p r e s s u r e i s u s e d . The p h y s i c a l d i ag ram i s shov/n i n J i ^ . 4 . 
L e t t h e s t e p b e l o c a t e d a t x = KL (0 < K < 1) and t h e f i l m 
t h i c k n e s s and p r e s s u r e i n t h e two r e g i o n s a r e 
h = h, , p = p, i n t h e r e g i o n 0 _< x ^ KL 
h = h , p = Pp i n t h e r e g i o n KL ^ x ^ L 
Then e q u a t i o n (4 .8 ) d e t e r m i n i n g p r e s s u r e i n t h i s c a s e i s 
w r i t t e n a s 
dp. 6Q(2t i + n i ) 
--^ = f^~^^^ ( i = 1 , 2) ( 4 . 9 ) 
^^ b h? G^ 
where G. i s t h e same a s g i v e n i n c h a p t e r I I I . 
The b o u n d a r y c o n d i t i o n s f o r p . a r e 
P-, = p a t X = 0 
1 e 
P-, = Pg a t X - KL ( 4 . 1 0 ; 
p = 0 a t X = L 
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I n t e g r a t i n g equation (4.9) under boundary cond i t ions (4.10) 
we g e t 
^ 
-^ ( f - ~ — ) 
/ l 1 ^ G 1 
(4.11) 
p 1' x/L 
^2 = -J^ 1^3^ ^ 
• ^ 1 2 2 
(4.12) 
w nere /- K . 1 - K 1 ~ u3, + 
'G. hr G 1^ - ^ 2 g 
The flow f lux Q i s g iven by 
Pe^ 
6 ( 2 p + / i i )f^L 
(4.13) 
when t h e s tep height h = 0 , the corresponding flow f lux 
s 
Q i s given l»y 
% = 
P b h ^ G^ 
6(2p+ p^ )L (4.14) 
From equat ions (4.13) and ( 4 . 1 4 ) , the r a t i o QQ / Q i s given 
by 
Q 
Q = G. 
1 - K K 
ri + 
^2^ ^1 ) 
(4.-15) 
whe 
_3 3 ^ . hn l - t t p i ^ c o t h t t p i i n 
re G ( h^ ) = h^ + ; ^ _ \ . ^ - ^ ^ ^ ^ 
2 ^ ^ 2(1+/^-^) ag 
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The Z.oad capac i ty Yt^ of the bearing i s 
KL L 
V^ ^ = b / p . dx + b / Pp dx 
'H 
Using equat ions (4.11) and ( 4 . 1 2 ) , we g e t the dimensi o n l e s s 
form of the l e a d capac i ty as 
2^ 
1 - K^ 
+ 
K' 
W 
V, _ H 
G 
_E. "pt ^ ) 4.16^ 
bp,L g 1 ^ 4. K 
The corresponding load capac i ty f o r the c l a s s i c a l Nev-toniaJi 
case i s obta ined by l e t t i n g yU-, -* 0 or M a s 
2s ( 1 - K"^ ) + K' 
^ ' 
'H 
K' (1-K) +.-%-3 
(4.17) 
The v a r i a t i o n s of T^TT w i th ju-j_ and h, a r e shown i n 
F igs . 4.6 and 4.7 respectisf.ely., I t i s observed t h a t Yv^ . 
i n c r e a s e d as ju.-, i n c r e a s e s or M dec rease s . I t i s f u r t h e r 
seen t h a t Yi'^  dec reases or i n c r e a s e s as K i n c r e a s e s dependin 
upon the va lue of h-, . Again, fo i h = 0 (h, = I j ^ .- .C 
from equat ion (4.17) , we get 
P 
K ^ C) 
Y« H 
1 
2 '^V 
'^2.0 3 ^ , 
I t i s seen from here t h a t t h e load capac i ty i n thg-^'ca-s.exj 
sea l w i th uniform f i lm t h i c k n e s s does not depend upon t h e 
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uv K^irv 
47-VARIATION OF LOAD CAPACITY WH OF HYDRC 
STAT'C_STEP SEAL WITH STEP RATIO h^  
(Mf0 8,M=100). 
-so 
p a r a E i e t e r s yu-, o r M of t h e m i c r o p o l a r f l u i d . 
4. 3 EXTLBNALLY PRLSSUEISED COl^ ICAL STEP BEAEENG 
C o n s i d e r an e x t e r n a l l y p r e s s u r i s e d c o n i c a l s t e p b e a r i n g 
l u b r i c a t e d w i t h m i c r o p o l a r f l u i d . The geometry of t h e seep 
i s d i s p l a y e d i n F i g . 4. 3. For t h i s c a s e t h e w i d t h of t h e 
b e a r i n g i s g i v e n by b = 2ni'sinO . The e q u a t i o n ( 4 . R) 
d e t e r m i n i n g the p r e s s u r e can b e w r i t t e n a s 
dp. 3Q(2;;i + n . ) 1 
^^ h^ G^ u r s i n e 
where Q i s t h e f low f l u x wh ich i s c o n s t a n t and i = 1 , 2 i n 
t h e r e g i o n s ( h = l i . , p = p , K i i _ < r ^ KR) and ( h = h , 
p = p , KE _< r ^ Hj r e s p e c t i v e l y . The b o u n d a r y c o n d i t i o n s 
f o r p . a r e g i v e n a s 
P]. = 
Pl= Pg = 
P 2 = 0 
P« 
Ps 
at 
a t 
a t 
r = K ^ R 
r = KR 
r = R 
( 4 . 1 9 ) 
where p i s t h e p r e s s u r e a t t h e s t e p . I n t e g r a t i n g e q u a t i n 
s 
(4 .18 ) u n d e r t h e bounda ry c c n d i t i o r s ( 4 . 1 9 ) , we g e t 
_3 
P.e ^-1 
^1 = • ~ T ~ 
( 4 . 2 0 ) 
^2^ ^ ^ ' 2 I 
P 2 - „ p. ' ^1 
^ 1 2 
L-.h . W-~-) (4.21) 
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P, 
_3 
InK 
^1 2 
( 4 . 22) 
_3 tn(-f) 
where g-, = h. o 
In K 
« 2 ' ^ ) G. 
The flow f lux Q i s given "by 
Q = 
TC Pg i c sino 
3(2ja + ^ -l_ )g-j_ 
( 4 . 2 3 ) 
Lii t h e absence of s tep h, = 1 i . e . , h^  = h and t h e 
corresponding flow f lux i s 
Q. 
^ Pg ^p ^P sine 
3(2/A + /i;^) l*^ K^  
( 4 . 24) 
The r a t i o Q / Q i s 
Q, g. &. 
Q »3 UK 
(4. 25; 
The l o a d capac i ty Yi of the bea r ing i s given by 
KR 
Ift = Ttp K^R^sin^ e + / ( 2 n r s i n ' e ) p s in 9 dr-»-(2ixKRsin e ) p h cor 6 
e o K R 
o 
1' s s 
R 
+ / (gj trs in e)PoSin '-edr 
KR 
Using equa t ions ( 4 . 2 0 ) , (4.21) and ( 4 . 2 2 ) , t h e load capac i ty 
i n non-dimensional form i s g iven by 
-B2 
f ^ S— ^ K^ s in^ 
^1^2 
2 . _ _3 
— hg( h^- 1) h^ 
( s i n e coae ^ K . I H K - - 2 - s in^^ 
"1 
( 4 . 26 ) 
where F =^  ^ ) (K^- 1) - gK^ • ' U K I + h Gg( V 
K?U(^) - te^-Kj) 
-0 - ' K^' r O 'J 
Vihen jU ^ - 0 or M -• =« , the corresponding l o a d capac i ty 
f o r I^ewtonian case i s 
\~ = K 2 sin^e + | - ii (iL - 1) h, ( s i n e cosG )K hfXK + - ^ sin^.G 
(4.2V) 
_3 
where F^ = -—-1 2-
(K2-I) - 2K2 I^KI + K2 in (4-) - i(K2- K^  ) 
0 - ^ V 2' 
•7 
g = h^  InK - IjTii-^) 
The v a r i a t i o n s of W wi th p. ^  and h^ a re shown i n F igs . 
4.10 and 4.11 r e s p e c t i v e l y . I t i s noted t h a t VI i n c r e a s e s 
as ju-, i n c r e a s e s or as M dec reases . I t i s f u r t h e r seen 
t h a t for f ixed K, the l oad capac i ty of the s tep b e a r i n g i s 
always g r e a t e r than the corresponding case w i th uniform f i lm 
.^ M ckne s s . 
0 3 82» 
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4 .4 RESULTS AIJD ELSCUSSIONS 
P igs . 4 .4 and 4.5 sl.ow the v a r i a t i o n s of Q^  / Q i n 
t h e case of h y d r o s t a t i c step s e a l . I t can "be seen t h a t t he 
r a t i o Q / Q decreases as p-j. i n c r e a s e s and i n c r e a s e s as 
M i n c r e a s e s . This imp l i e s t h a t Q ^ Q^  for a l l v a l u e s of 
/!-, and Q decreases as M i n c r e a s e s f o r f i xed jH^ . I t 
i s f u r the r seen t h a t Q^  / Q dec reases as ^ o r h i n c r e a s e ses 
fo r a l l v a l u e s of K . Sinc^, Q i s not a func t ion of h 
o s 
a s can be seen from equat ion ( 4 . 1 4 ) , i t i m p l i e s t h a t Q 
i n c r e a s e s as h o r h i n c r e a s e s . S i m i l a r s i t u a t i o n s occur 1 s 
i n case of e x t e r n a l l y p r e s s u r i s e d conica l s tep b e a r i n g as 
t he se are manifes ted through P igs . 4 .8 and 4.9 . 
P igs . 4.6 and 4.10 show t h a t the load capaci ty of the 
bear ing i n bo th cases i n c r e a s e s a s the mic ropo la r parameter 
M-, i n c r e a s e s and decreases as M i n c r e a s e s f o r f i xed h^at\<K 
K . I t i s noted from P igs . 4.7 and 4 .11 t h a t f o r f ixed v a l u e s 
ju and M , the load capaci ty of t h e b e a r i n g s f i r s t dec rease 
and then i n c r e a s e as K i n c r e a s e s and t h i s ' depends upon t h e 
c t o i c e of h-]_ . I t i s a lso concluded t h a t t h e l oad capac i ty 
i n bo th t h e cases i n c r e a s e s as the s tep h e i g h t r a t i o £ 
I n c r e a s e s fo r f ixed K and iU-, . 
-86 
O 326r 
\ 
\ . N. 
0-325 
v.. 
O 32^ 
0-323 
X X . 
X. 
U^SO 
=10 
o 0 2 0-8 10 04 V 
^r- f-» A-ri/-» r^ F ^ 1 '>W FLUX OQ/O Fig.^.A-VARJATlON^OF RATIO CM _^^> -^ ^ ^^^^^ ^^^ ,^^ P,^ , 
IH A HYDROSTATIC STEP IJ /^ J. 
POLAR PARAMETER p i ( h r 3. ,^ KrO'?}. 
-87 
0-7r 
06' 
Ob 
O 
0'4 
0-3 
0 2 
\ \ 
KrO-5 
-_0'7 
r06 
5 
h^—« 
Fig A'5-VARIATION OF RATIO OF FLOW FLUXQ«/0 
IN A HyDROSTATIC STEP SEAL WITH STEP 
RATIO hy('jJr:OQ,Vi^z]QO). 
-88 
0't87 
o-iae 
o 018 5 
OM84 
O183I '_ 
o 02 
Mr 50 2 
-J 
0-4 ___ 0 6 O 8 10 
Hi 
(h,= 3.0 K-.0-7) '^"^ROPOLAR PARAMETER,7, 
-89 
Fig 49-VARIATION OF RATIO OF FLOW FLUX tN 
EXTERNALLY PRESSURISED CONICAL STEP 
BEARING WITH STEP RATIO F^  (p^=0-8,M=10.) 
CHAPTER - V 
ONE DllViEl.SlOi^ AL JOUEi^ AL ^EARIWGS OPLRATIi^G 
\vITH MICROPOLAR LUBRICANT 
I n t h e p r e v i o u s two c h a p t e r s we have s t u d i e d s t e p b e a r i n g s 
andj exbexinal ly p : r e s s u r i s e d b-ear ings ' w i t h rtloJ^iopoliai' l u b r i c a n t . 
Ex t ' ^n s ive s t u d i e s of j o u r n a l b e a r i n g s , owing t o i t s w i d e 
a p p l i c a t i o n i n e n g i n e e r i n g p r a c t i c e , have b e e n made w i t h 
Newtonian f l u i d s . R e c e n t l y , P r a k a s h and S inha ( l 9 7 6 a > h a v e 
s t u d i e d acjUL e^Ki ng flow i n jni c i 'Opolar f l u i d l u b r i c a t e d j o u r n a l 
boar - ing . The e f f e c t of s o l i d p a r t i c l e s i n sqi^eeze f i l m 
p a r t i a l j o u r n a l b e a r i n g h a t b e e n s t u d i e d by Mahan t i (1976) „ 
I n t h i s c h a p t e r , we have s t u d i e d t h e c h a r a c t e r i s t i c s of 
i n f i n i t e l y l o n g and i n f i n i t e l y s h o r t j o u r n a l b e a r i n g s 
o p e r a t i n g w i t h m i c r o p o l a r l u b r i c a n t s . 
0 ,1 BASIC EQUATIONS 
C o n s i d e r t he flow of a m i c r o p o l a r l u b r i c a n t i n a wedge 
shaped f i l m b u i l t up i n a j o u r n a l b e a r i n g r u n n i n g a t a s u r f a c e 
v e l o c i t y U u n d e r a c o n s t a n t l o a d \ii-j_. The s c h e m a t i c d i ag ram 
cf t h e j o u r n a l b e a r i n g and i t s d e v e l o p e d s u r f a c e s a r e shov/n i n 
F i g s . 5 .1 and 5 .2 r e s p e c t i v e l y . 
Assuming v e l o c i t y and m i c r o r o t a t i o n v e c t o r s a s 
V = (u-, , u , u ) and w = (w-,, 0 , w„) where t h e v e l o c i t y ar 1 
i r i i c r o r o t a t i o n components i n t h e d i r e c t i o n normal t o t h e p l r i r s 
of t h e f i l m i s v e r y smal l i . e . , u << u , u . 
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Using Usual assumptions of l u b r i c a t i o n theory i n equa t ions 
(3.1) - ( 3 . 3 ) , the b a s i c equat ions governing t h e flow of t h e 
l u b r i c a n t i n the f i lm a r e given as fo l lows Shukla and I sa 
(1375b) : 
^ P V l ) - ^ + ^ -~3 - ^ 0 (5.1) 
8y Qy 
5 ^w. Su-
^ ;7^ -/>! 7; - /^^ i-s = ° '^ -'^  
5 ^ ^ du 
— - i + n ^ - 2 ; i .w = 0 (5.4) 
dy'^ / -L ay ' -^  
6u^ 6u 8u 
- 7 ^ + A + - A ^ = 0 ( 5 . 5 ) 
6x 8y az ^ 
The boundary cond i t ions fo r v e l o c i t y and micro r o t a t i o n 
components a re 
U-. = 0 at y = 0, U-, = U a t y = h 
u ^ ^ O a t y = 0 , y = h 
w^ = 0 at y = 0 , h (5.6) 
Wg = 0 at y = 0 , h 
-Giving equat ions (5 .1) to (5.4) and u s ing the boundary 
c o n d i t i o n s (5.6) we o b t a i n t h e fo l lowing expressii^ns for 
v e l o c i t y and micro r o t a t i o n components as 
\ = U+^g(Ps in i i Xy4-2y) + B R(cos i i l y 1) + ap 
2 
(5 .7 ) 
U3 = l g ( p s i n h J^y+2y)+B^^p(cOsh ly- 1) + - Z ^ _ _ ^^ ^ 
2 u + yu-j_ 3 z 
^ 1 = - Ag(cosh Xy-l | )+B^sinh Xy . - ^ ;5 .9) 
W3 = AgCccsh >^y- 1 ) + B g s i n h Xy-
' / ^ + / ^ 1 
8p 
3x 
(5.1-0) 
where A = -
2 
h ap u 
+ ^ 
s i n h Xh 
2 ( 2 ^ + fx^) dx 2 p ( ^ ^ ^ j ^ j ^ ^ _ ^^_^^ ^ ^ ^ ^ ^ ^ 
B 
1 ap 
s m h Xh 2 m - » i « - 2 "" -^ •^  
ap 
2(2p. +JJLJ) dz 
^ = 
h (- 1+coRh Xh . ^ 
2 (gTi^ n > s i n h Xh ' ' 
'f-'h^ dz 
p = -^2 a_ , ,,2 _ !l^ltil±i 
^ 1 ^ ( / ^ + / ^ i ) T 
The flow f l u x of t h e l u b r i c a n t i n 
by 
X and z - d i r e c t i o n s a r e g i v e n 
- 9 4 
h 
Q = L / u dy 
^ c ^ 
(5 .11 ) 
li 
L / u_ dy (5 .1S) 
wh ich on u s i n g e q u a t i o n s (5 . 7 ) snd ( 5 . 8 ) g i v e s 
LUh _ Ih*^ 0(6) ap 
^ x = 2 6 ( 2 ^ + /i^) 8x 
( 5 . 1 3 ) 
6(2^+ f^j) dz 
( 5 . 1 4 ) 
where t h e f i l m t h i c k n e s s h and t h e f u n c t i o n G a r e g i v e n as 
(j(9) ^ 1+ ^ ^ i _ i - g d + e cose).coth-Ca(i+e cosO)} 
S ( l + ^ l ) 
'd+e cose) 
X2e2 M f^(2^^^) 
M = /^ 
1 
1 + / ^ l ^ 
-2 
4 k„ 
k^ = ^ ajid k = - ^ T a r e 
I n t e g r a t i n g e q u a t i o n (5 .5 ) and u s i n g t h e b o u n d a r y c o n d i t i o n s 
u = O a t y = 0 , h j w e g e t 
6x ' 
h^ G(G) !£' 
6 ( 2 |a+ u-]^ ) 5x + dz 
h^ G(e) !1T 
• e ( 2 p + p ^ ) &2-
u ah 
2 ax 5 . 1 5 ; 
-9 b 
This i s t h e g e n e r a l i s e d Reynolds equat ion governing -jhe 
p r e s s u r e d i s t r i b u t i o n i n the micropolar f l u i d l u b r i c a t e d 
journa l b e a r i n g fo r the funct ion h g iven by r e l a t i o n ( 5.13) 
As f-. -* 0 , a "" (" o r k -* 0 or M - =" , t h e func t ion 
G-(9) - ' I and then i n t h i s case the equat ion (L.15) reduoes 
f o r Mewt(.nian fluic". 
5 .2 li^PINITEr.Y LONG JOUEBAL BEAEING 
I n the case of an a x i a l l y undef ined j o u r n a l b e a r i n g the 
volume flow f lux given by express ion (5.13) and t h e 
g e n e r a l i s e d Reynold ' s equat ion (5.15) can be r e s p e c t i v e l y 
w r i t t e n as 
dp 
— (5.16) 
dx ^ 
dx 
^ - 2 
K^G(e) 
cr c^ ,. . , , N 
6 ( 2 u + yu^) 
d p -
• 
U dh 
~ 8 dx 
^6(gju+^-j_) dx 
(5.17) 
u t t i n g X = R d0 , U = -/^R and h = c( l+e cos6) i n equat ion 
d9 (5.17) and then i n t e g r a t i n g w i th the cond i t ion -r§- = 0 at 
h = h , we get 
dp 
h 
3R^-/^ (2/^+/i-^) (1+e ccse - - ^ ) 
de c^d+Gcose) "^(e) (5.1^^) 
w h e r e - ^ ^ i s the angula r v e l o c i t y of the j o u r n a l and h i s 
the minimum fi lm t h i c k n e s s . 
i'br simplici ty we assume the pressure d i s t r i bu t ion to be 
antisymmetric and the boundary condit.-* ons on i t as 
p = 0 at e = 0 , G=2)v (5.19) 
In tegra t ing equation (5.18) under boundary conditions (5.19) 
we get 
271 (1+e cose - h /c ) / Qi__ de = C (5. po) 
o (1+e cosO)'^,G(0) 
The value of h / c i s determined from the expression (5.20) 
for different G by Kewton-Raphson's method while the 
in tegra t ion i s performed by Simpson's ru l e . 
i'he load capacity of the bearing, i n t h i s case, i s 
defined as 
2u dp 
y*^  = - f LR - ^ sine de 
0 
which on using equation (5.20) gives the lead cat)acity in 
dimensionless form as 
\i^ a^ 11^  2n (l+Ocose- h /c) cose 
C =. \ ^ - 6(1+ -t^)/ ;r- ciH 
^ jaLR'^si- 2 Q d+ecosej"^. G(e) 
( 5 . 2 l j 
.'xfter subs t i tu t ing h / c for corresponding values of G , 
o 
the load capacity i s detenuined from the above expression . 
As /In "* 0 , M -* ^ , the expression (5.21) reduces for the 
c l a s s i ca l xMewtonian case. The va r i a t ion of Vu with fl-. 
are manifested through Fig. 5. 4. 
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5,^a .FORCE OF FEIGTION 
!'rom equat ion ( 5 . 7 ) , 1 
y=h 
i s g iven by 
cu 1 
^y y=li V ^Fll2(2ji+ jij) 
1 1 iz R-TLsinh Xh 
z/p ( or shAh-l) +]i- sinh O^ hJ 
(5.22) 
The f t rce of f r i c t i on at the journal i s given by 
2K eu. I-\ = - / ^h^^i^ ^W] y=h LR do 
which on Using equat ion (5.22) g i v e s the d imens ionless force 
of f r i c t i o n as 
F-, = 
F^c 
^ P- R^LJX 
2a 
o L ;xi 
2fct(l+ecose) - - ^ - ^ t a n ^ d + e c c s e ; } 
h 
3(l+e cosO - ~) 
(1+e cosO)^ G(e) -* de (5.23J 
After subs t i tu t ing h / c for corresponding values of G, th'e 
dimensionless f r i c t i on force F-, i s determined from expression 
(5. 23) . 
The dimensionless coefficifcnt of f r i c t i o n i s given by 
F. 
^ / l 
(5.24; 
1 
The va r i a t i ons of G ^ with jL are shown i n ]:lg.5.5 . 
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5. 8.-^ SQUEEaNG EPPECT 
Mow, c o n s i d e r t h a t t h e j o u r n a l i s moving down t o w a r d s t h e 
"^  n n c r s u r f a c e of t h e b e a r i n g w i t h a r e l a t i v e v e l o c i t y / due 
t o a c o n s t a n t l o a d W^ . The a n g u l a r v e l o c i t y of t h e j o u r n a l 
i p assumed t o b e ze ro . The p h y s i c a l s i t u a t i o n i s shown i n 
' ^ ig . 5. 3 . 
The volume flow f l u x i n t h i s c a s e i s g i v e n from e q u a t i o n 
( 5 . 1 6 ) a s 
L .c^d+e cosG)^ G(e) -, dp 
Q = . i -TK (5. g5) 
6(2]Ui + p ^ ) ^ ^® 
5u 8u 
I n t e g r a t i n g e q u a t i o n of c o n t i n u i t y -r-^ + g—^ = 0 w i t h t h e 
c o n d i t i o n s u = 0 a t y = 0 and u = - V a t y = h , g i v c c 
dQ 
— = LV (5 .26^ 
6x 
where V i s the v e l o c i t y of a p p r o a c h and i s g i v e n by 
Combining e q u a t i o n s ( 5 . 2 5 ) , ( 5 . 26j and ( 5 . 2 7 ) , t h e e q u a t i o n 
d e t e r m i n i n g t h e p r e s s u r e : s g i v e n by 
dp I2 ja R^( l+ - ^ ) % s i n e 
— = —i~- ^ 1 ^ ^ ( 5. 28) 
dG c ^ ( l + e cosG) ^ G(e) 
Hfcf e r r i n g t o P i g . ( 5 . 3 ) , t h e l o a d c a p a c i t y i s d e f i n e d a s 
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\h,r 0^ /In Pn s i n ^ e L. c  a-1  s i   
V^y = ^^  = - d - ^ ) r 3 — de ( 5 . 2 9 , 
^ 1 2 ^ L R 2 | | ^ o ( l . e cosG)^ .G(e ) 
The t i m e t a k e n by t h e j o u r n a l c e n t r e to r e a c h from an i n i t i a l 
DO s i toon e = 0 t o e=: :6- , i s o b t a i n e d by i n t e g r a t i n g e q u a t i o r 
( 5 . 29) a s f o l l o w s 
t Yi,r c- p.-. ^1 2K s i n ^ e 
t = h^ = - (l+-9^)/ / 3—-^ dO de 
1 2 p E ^ L 2 o 0 ( i + e 0053)*^. G(e) 
( 5 . 3 0 ) 
In t h e l i m i t i a - 0 , k - 0 o r K - < » , t h e e x p r e s s i o n 
(5 .29 ) and (5 .30) r e d u c e -oo t h e c o r r e s p o n d i n g e x p r e s s i o n s f o r 
t h e c l a s s i c a l iMewtonian c a s e , P i n k u s and S t e r n l i c h t ( l 9 6 l ) . 
The t ime of a p p r o a c h t i s e v a l u a t e d from e q u a t i o n (5 .30 ) b;y 
p e r f o r m i n g the i n t e g r a t i o n \Nith t h e h e l p of S i m p s o n ' s tv\ro 
di men s i ona l r u l e. 
5 . .3 -Il^PINITELY SHORT JOURl^ iLL BEARING 
I n t h i s a a s e we c o n s i d e r t h e f low o n l y i n t h e z - d i r e c t i o n 
and t h e flow of t h e l u b r i c a n t due to p r e s s u r e g r a d i e n t i n 
3 t ~ d i r e c t i o n i s n e g l e c t e d . The g e n e r a l i s e d R e y n o l d ' s e q u a t i o n 
(5 .15 ) f o r t h i s c a s e r e d u c e s t o 
0 
dz 
(1+e cose)^ G(e) l £ l _ j f i , ^ (5^31) 
6 ( 2 p + ju^) a z - 2 dy 
I n t e g r a t i n g e q u a t i o n ( 5 . 3 1 ) u n d e r t h e b o u n d a r y c o n d i t i o n s 
p -= 0 a t z = + L / 2 , g i v e s 
•lOg 
3 ^ ; . e ( l + - ^ ) ( ^ - 2 ^ ^ 
p (e , z ) - —^ ~ -'^ sinO (5.32) 
c^d+ecose)^ G(0) 
The load capaci ty of the "bearing I s ob ta ined by cons ider ing 
only the p o s i t i v e p o r t i o n of the p r e s s u r e p r o f i l e , 0 < e ^ u . 
I'he components of the load capac i ty along and normal to t h e 
l i n j of c e n t e r s a r e , r e s p e c t i v e l y 
L/2 % 
^ = - 2R / / p cose de dz (5.33) 
•^ 0 o 
L/2 % 
W = - 2R / / P sine dO dz (5.34) 
y 0 0 
S u b s t i t u t i n g equat ion (5.32) fo r p I n equa t ions (5.33) 
and ( 5 . 3 4 ) , g ive s t h e components of l o a d capac i ty i n dimension-
1 ess forms as 
2c^ It^  »"-, Ti e l lnG cose 
^^  ^ 1_ ^ - (i+-£-ij / ^ dG ( 5. 35) 
^ - ^ u R L ^ 2 ^ ( i+e GOse)rG(G) 
2 c % il^ 7t e sln^e 
Y. . S y = - ( l + - i - i ) / - 3 — - de (5.36) 
y J^jiEL^ ^ 0 (1+e c O s e ) ^ G ( e ; 
The t o t a l load capac i ty i s then given by 
M = f f 2^ f 2 (5.37) 
X y 
Fig. 5.8 shows the v a r i a t i o n s of W wi th u 
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5. 3..a FORCE OP PHIGTION 
I n the case of i n f i n i t e l y shor t journa l b e a r i n g , t h e r e i s 
no shear fo rce due to pressu: ' e g rad ien t i n x - d i r e c t i o n . Prom 
du^ 
equat ion (5.7) , ^—-
y=h 
i s then g iven by 
dvi 
w 1 - (ltl±l. -A.R s inh Xh 1 y=h 2 ( p + u-^) ' -p(cosh Xh-1)+ h s i n h I h J (^.50J 
The f o r c e of f r i c t i o n i s g iven by 
2ii 8u 1. 
^2= - { (/^^/^i)( aT) y=h LR do 
i/vhich on us ing equa t ion(5 . 3^ gi^^'es the d imens ionless f r i c t i o n 
fo rce as 
P. 
P c iu-, 2n 
( 1 ^ ) / • 
2a 
de 
2a(l+e cosO) - j ~ ^ ^ ^ t anh /x (l+Gco sO)|-
( 5 . : ^ , 
Also, the d imensionless c o e f f i c i e n t of f r i c t i o n i s given by 
f^2 (5 .40 ; 
The v a r i a t i o n s of Or w i th ja a r e shown i n Pig. 5.9 . 
5. 4 RESULTS Al^ J) JJISCUSSIONS 
I n case of i n f i n i t e l y long journa l bea r i ng , t h e v a r i a t i o n s 
of the load capaci ty \i-^ w i th micropolar parameter ru 
c h a r a c t e r i s i n g the c o n c e n t r a t i o n of t h e a d d i t i v e s a r e shown i n 
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P ig .5 . 4 . I t i s seen tha t for fixed eccen t r i c i ty ra'^'io. G 
and the micropolar parameter M ( i . e . , the inverse of the 
dimensionless radius of gyrat ion k^ of the microstxnictures) , 
the load capacity increases as p-^ i*e*» "^ ^^  concentration of 
t he addi t ives increases . I t i s fur ther seen that the load 
capacity decreases as M increases . The load capacity also 
increases as the eccent r ic i ty r a t i o G increases . Similar 
r e s u l t s are obtained for load capacity W in case of 
i n f i n i t e l y short journal bearing as can be s3en from Fig, 5.8 . 
The va r i a t ions cf the dimensionless coeff ic ients of f r i c t i o n 
G r-, rmd Gr are manifested through Figs .5 .5 and 5.9 . I t 
i s seen that in both t he cases, the coeff icient of f r i c t i o n 
decreases as P-, increases and increases as M increases . 
"therefore, the increase in f r i c t i o n force i s more than 
compensated by increase in load capacity. 
1/yhen squeezing i s also taking place i n case of i n f i n i t e l y 
long journal bearing, the load capacity increases as ^-^ 
increases or as M decreases as i t can be seen from Fig.5 .6 . 
The time of approach increases with the increase in n^ as 
i t i s manifested through Pig. 5.7 . 
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CHAPTER - VT 
CHARACTEEISTICS OP POROUS JOURJ^ AL BEARIrJGS WITH 
MICROPOLAR LDBRICAETS 
In chap te r V, we have s tud ied t h e c h a r a c t e r i s t i c s of one 
dimensional journal h e a r i n g s u s i n g micropola r f l u i d a s 
l u b r i c a n t . The c h a r a c t e r i s t i c s of porous journa l b e a r i n g s 
Using,, l!>fewtonian l u b r i c a n t s have been s tud ied by Cameron 
and Morgan (1962), Rouleau (196 3 ) , Capone (1970), Casano(l972) 
and Murti (1975). I n t h i s chap te r we have s tud ied , ohe 
fol lowing cases of porour, journa l b e a r i n g s u s ing mic ropo la r 
l u b r i c a n t s 
( i ) I n f i n i t e l y narrow porous journa l bea r ing 
( i i ) Squeeze f i lm porous j ou rna l b e a r i n g 
( i i i ) Squeeze f i lm sphe r i ca l porous b e a r i n g 
Here i n each case the bush of the b e a r i n g i s assumed to bo 
porous through which l u b r i c a n t e n t e r s i n t o the gap between 
journa l and the bea r ing . The a n a l y s i s i s based on t h e 
assumption t h a t t h e porous bush c o n s i s t s of a system cf 
c a p i l l a r i e s of very small r a d i i , t hus r e s t r i c t i n g the flow of 
the l u b r i c a n t to be un j .d i r ec t iona l . 
6.1 POROUS JOURl\rAL BEARI1^ & 
Consider the flow of a mic ropo la r l u b r i c a n t i n a wedge 
shaped f i lm, b u i l t up , i n a porous journa l bearing' running; at 
-lir-
a surface veloci ty U under a constant load \K i ' igs. 6.1 and 
6.2 show the schematic views of the bearing and i t s developed 
surfaces. Assuming the veloci ty and microrotat ion vector^ 
as V = (u-j^ , u , u ) and w = (w-j^ , o, w )^ respect ive ly and 
Using the assumptionp. of l ub r i ca t ion theory, the equations 
governing the flow of the lubr ican t in the film are givei 
by equations (5.1) to (5 .5) . The boundary conditions for 
the componentj of veloci ty and microrotat ion vec tors are 
given by (5.6) . 
Solving 3quat: ons (5 .1 ; to (5.4) undt;r the boundary 
conditions (5,6) tho flow flux in x and z-d i rec t ions per 
un i t a::ial length are given by 
« = g | - : - ' ^'^' • n («-i) 
whore the film thickness h and the function G-(e) are the 
same as defined in chapter V . 
In tegra t ing equation of continuity (5.5; under the 
boundary conditions 
"g = \ at y = 0 
Ug = 0 at y = h 
we get 
/', .-r 
o^ \ 
-HI 
^ x ' ' . *i •' • i l l "* ^ ^ * ' 
Porous wy'Ou.r.-il Bearn'^ with miciopoUr lot. *.,:,nt 
l"iq. 6-2 
V; a V: a 
^ i T f 
Geornecry of developed journal 
porous b jsh surfaces. 
£nQ 
:| 6'3 
f h Pi 
t 
'4^  
Flow of a rrncrof olcJtvm d thin porous capUtdry 
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SQ 5Q 
^_Z + ^ = V ( 6 . 3 ) 
ox 6z a 
wh ich on u s i n g e q u a t i o n s ( 6 . 1 ) and (6.2) g i v e s 
a 
8x 
' h^ G(e) ! £ ] ^ _d_ [ h^ G(e) ! £ ] ^. u sji - V 
6(2/i + p . ) ^-^ ^^ ^ 6 ( 2 p + i U i ) • 9 - ^ " 2 9 - ^ 
( 6 . 4 ; 
w h e r e V i s t h e a v e r a g e v e l o c i t y w i t h wh ich t h e m i c r o p o l a r 
l u b r i c a n t e n t e r s i n t o t h e f i l m and i s d e t e n r i n e d a s follovv's . 
6 . 1 . a GENiRALIZATIOM OP DARCY'S LAY. 'FOR KICKOPOLAii J^UID 
When a Newtonian l u b r i c a n t f l o w s t h r o u g h a p o r o u s m a t r i x -
t h e v e l o c i t y of t h e l u b r i c a n t i s g i v e n by Darcy ' s law a s 
<p Qp 
\ =^  /I • ey ( 6 . 5 ) y=o 
9p 
where T— i s tha pressure gradient , /a i s the v i scos i ty an i 
i s the permeabili ty. However, i n the case of micropclaj-
f luid flow through a porous matrix, the ve loc i ty of the 
lubr icant i s cietermined as follows . 
Let us assume that tne porous bush consis ts of a system 
of c a p i l l a r i e s and the flow of the lubr ican t i s d i rected 
towards tht film. The flo.v of the lubr icant through a typiool 
cap i l la ry i s shown in Pig .6 . 3 . The components of veloci ty 
and micro ro ta t ion vectors are assumed in t h i s case as 
V = (0, 0,u' ) and w=(0, w' , 0) respect ively . Using usu-;il 
o < 2 
assumptions of lub r i ca t ion theory in equations ( 3 . 1 ; and 
(3.2) , the bas ic equations governing the flow of the lubri-tric, 
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i n t h e c a p i l l a r y a r e g i v e n a s '. E r i n g e n (1966) 
Here t he bounda ry c o n d i t i o n s f o r t h e v e l o c i t y and m i c r o i ^ o t a f 
i o n components a r e 
u' = 0 a t r = E (6.C) 
o - s, 
d u ' 
- ^ = 0 a t r = 0 ( 6 . 9 ) 
d r ^ 
( 6 .10 ) 
(6 .11 ) 
where R i s t h e a v e r a g e r a d i u s of t h e p o r o u s c h a n n e l . 
Si 
S o l v i n g e q u a t i o n (6.6) u n d e r t h e b o u n d a r y c o n d i t i o n ( 6 . 9 ) 
we ge t 
du ' 6p 
Combining e q u a t i o n s ( 6 . 7 ) and (6 .12) g i v e s 
„ d V dw' VI r ^ . dp 
The g e n e r a l s o l u t i o n of e q u a t i o n ( 6 . 1 3 ) i s w r i t t e n a s 
r 5p 
w ; = A I , (5vr) + BK^  (Xr) - — . j ^ ( 6 . 1 4 ) 
w ' g = 0 
dw* 
dr 
at 
at 
r = R 
a 
r = 0 
-11-^ 
where I-, i'^r) and K^(Xr) a r e t h e m o d i f i e d Bessfcl f u i i c t i o n s 
of f i r s t and second k i n d of o r d e r one r e s p e c t i v e l y . S i n c e , 
Wp i s f i n i t e a t r = 0 and K-. ()\r) h a s a l o g a r i t l i L m i c 
s i n g u l a r i t y a t r = 0 , we must have c o n s t a n t B = 0 and t h e n 
from e q u a t i c n ( 6 . 1 4 ) we have 
w A L iXr) -
2( 2yu+ p j) sy 
( 6 . 1 5 ) 
U s i n g boundary c o n d i t i o n ( 6 . 1 0 ) , we d e t e r m i n e c o n s t a n t A 
l e a d i n g t o t h e s o l u t i o n 
R 
Wg = .a. 
2(2^ + jjij) 
I , (Xr) 
11 
_ r 
Ll^(XR^) R 
Op ( 0 . 1 6 ) 
Cumbining e q u a t i o n s ( 6 . 1 2 ) and (6 .16 ) g i v e s 
du'. 
d r 
5p 
5y 2(jU.+/^l) L (2 fx + ^ij) ^ h^^\) -• 
( 6 . 1 7 ) 
I n t e g r a t i n g e q u a t i o n ( 6 . 1 7 ) u n d e r t h e b o u n d a r y c o n d i t i o n ( 6 . 8 ; 
g i v e s 
R' 
u'. a 1 ^ g ; 
2 ( 2 / . ^ / I - L ) L - a ( / a - ^ ; . , ) X f i j i ( > ^ \ ) 
{l-i^^^ 
I I (XR^) 
o &^ 
9P_ 
ay ( 6 . 1 b ) 
The f low f l u x of t h e l u b r i c a n t i n t h e p o r o u s m a t r i x i s 
d e f i n e d a s 
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a , o \ ^ r ^ 2 ^^-^ 
Q = J 2^T u' dr = -rtu' . r"^  - / Tcr'^  r--*' dr 
^ o 3 2 fo o ^^ 
wlfich on u s i n g condi t ion (6.8) g ives 
R_ . du' 
'^ 0 d r 
Q^  = - / \r^ —^ dr ^5.19) 
w 
Combining (equations {(^.1'7) and (6,19) , we ge t 
KR^ ( 6 - l ) 6p Q = __a . (6.20) 
^ 4 ( 2 / . f / U i ) ' ^ 
here 6 = 2 Jil^. I (^ft ) / ( l+ya^) .XR ' I ] _ ( ^ \ ) i s a d imens ion less 
parameter , and ~ _ /^l 
ri- ^ ' 
The average v e l o c i t y V i s then g iven "by 
a 
V = - a - = ^31 (6.21) 
a ^g2 ^ dy 
a 
>2 
where ^ = -^^ 
4 ( 2 ^ + ya-L) 
The equat ion (6 . gl) i s a g e n e r a l i z e d form of Darcy ' s law fc j -
micropolar l u b r i c a n t s . Here t h e e f f e c t i v e p e r m e a b i l i t y i p q p 
From c o n t i n u i t y of flow, the p r e s s u r e i n the porous mat r ix 
i s governed by L a p l a c e ' s equat ion 
2 
^ p = 0 (6.22) 
where V = 5 + — P " + —5 
Sx*^  Sy"^  Qz^ 
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Assuming the t iaickness of the bush tc be very small as 
compared t o t h e r a d i u s of t h e j ou rna l (li << R) , t he average 
p r e s s a r e a t any r a d i a l s e c t i o n of the porous ma t r ix can be 
t aken equal to the p r e s s u r e i n the l u b r i c a n t f i lm. I t i s 
ap 
f u r t h e r assumed t h a t -— i s l i n e a r ac ros s the ma t r ix and 
6p 
^ = 0 a t t h e ou te r sur face y = -H , then from equat ion 
( 6 . 22) 5 vve get 
6 Pi e S Q^P 
97 = - H(—2 + — ^ ) (6.23) 
Combining equat ions ( 6 . 4 ) , (6. 21) and ( 6 . 2 3 ) , we get 
.3 pVoN R ! H ( 1 - 6 ) , 8p 
+ 
8 I f h" 6(6) , "a"^^ "> ] ^ _U81J ( 6 , 4 ) 
This i s the generalised Reynolds equation governing the 
pressure in a micropolar f lu id lubricaiied porous journal 
b earing. 
In the case of i n f i n i t e l y narrow porous journal bearing 
equation (6. 24) reduces o^ 
In tegra t ing equation (6.25) under the boundary condition 
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p =: 0 at z = + L/2 , we get 
2 
3Ue(2/i+ fij) ( - J - - z^) si ne 
where cb = 3R~ H/gc i s the d imensionless p a r u n e t e r 
p(0, 2) = p ' ; ^ ^ 3 - Y-. n- (6-26) 
2R2 c ^ | ( i + e cose)"^G(e)4-4>(i-6) 
3 i 
c h a r a c t e r i s i n g the p o r o s i t y of t h e bunh. 
The load capaci ty of the bear ing i s ob ta ined by 
i n t e g r a t i n g the p o s i t i v e p o r t i o n of the p r e s s u r e p r o f i l e , 
0 _< 6 _< -(x . The components of the l oad capac i t y along and 
normal to t h e l i n e of c e n t r e s are r e s p e c t i v e l y as 
L / 2 11 
\^ = - 2R / / p cose de dz (6.2?) 
^ 0 0 
L/2 Tt 
\'l = - 2R / / P sine dO dz (6.2P) 
y 0 0 
S u b s t i t u t i n g equat ion (6.26) fo r p i n equa t ions (6.27) and 
(6.28) and then i n t e g r a t i n g w i th r e s p e c t t o 2 , we get t h e 
l oad capaci ty i n dimensionl ess forms as 
C . ^flz.^ ^ - a,A^ / ^ ^'^' ''^^'. .de (6.29; 
^ yU-T-EL'^  2 0 (l+Gcose)'^G(e)+<^(1- 6) 
. . 2 £ l i ^ ^ , ^ ^ ) / e nine co,e ^ ^^  (6^30) 
y /Aj^ EL'^  2 Q (i+eccse)"^G(e)^cj)(i-6) 
The t o t a l load capac i ty i s then given by 
= Jw 2 + \",^ ^ (6.31) 
V X y 
" 1 
-IIP 
As the parameters ju-n characterising the conr.tntration 
of additives tends to zero or M tends to infini ty i . e . , 
size of the substructures tends to zero, then &(9)-*l and 6 -* 0 
and the expressions (6.29) and (6.30) reduce to the cases 
for classical fiewtonian f"x.uid, Pinkus and Sternlicht (19G1). 
For the case <^  = 0 , we get the resul ts for non-porous 
bearings. 
i^ he variations of w-, with p.-, are shown in Figs. 6.6 and 
6.7. I t can be seen from Fig. 6.6 that W^  increases as the 
parameter p--. increases and decreases as M increases. I t 
i s further seen thab the load capacity decreases as the 
parameter 4' characterising the porosity increases. From 
Fig. 6.7, i t can be noted that the load capacity increases as 
the eccentricity rat io G increases. 
6.1. b FORCL OF ."EICTIOW 
Since, there i s no shear force due to pressure gradient 
in x-direction , we get ^1 as given by equation (5.38). 
•^  y=h 
The fr ict ion force at the journal i s defined as 
2-rt Qu I 
F = - ip + fx )f (-^-4 dy (6.32) 
•^  o "^ i y=h 
s t i tu t ing equation (5 36) for -rr- in equation (6.32) 
y=h 
we get the frict ion force in dimensi'~'nless form as 
_ F. c Fi 2rt 2a 
F = — — = (i+-9^) / 1 '•— ^p 
F^^' ° 2a(l+ecose)-^-^— tanh/ad+ecosG)} 
l+i^l ^ 
(6.33) 
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The coefficient cf f r i c t i o n in dimensionless form i s given 
by 
G^ = - | ~ (6.34) 
The v a r i a t i o n s of F and G va th iu-, a re shown i n i'lgis. 
6 .8 anri 6.9 r e s p e c t i v e l y . I t can be seen from these f i g u r e s 
t i ia t f r i c t i o n force j^ncreases rnd coeff i '^ ient cf f r i c t i o n 
dec reases as /i-, i n c r e a s e s . 
6 .2 S'^ UELZr. FILr POROUS JOUMAL BEARIi^ 'G 
JINIOW cons ider t n a t t h e jou rna l moves dcwn towards the 
i n n e r surface of the bea r ing w i t h a v e l o c i t y V" due to cons tan t 
l o a d i n g . Fig. 6 .4 i s the schematic diagram of the bea r ing 
con f igu ra t i on . The flow of l u b r i c a n t through the porcus 
ma t r i x i ?-• governed by the mcdified form cf Darcy ' s law givrr . 
by equation (6. 21). I n tlii s case a l s o , the b a s i c equation- ' 
governing the flow of the micropc la r l u b r i c a n t i n the f i lm 
a r e given by e q u a t i o n s ( 5 . I j to ( 5 . 5 ) . Here the boundary 
c o n d i t i o n s for v e l o c i t y and m i c r c r o t a t i o n components a r e 
U-, = 0 a t y = 0, h 
Ug = 0 at y = 0, h (6.35) 
VI-. ^ 0 a t y = 0, h 
w. = 0 at y = 0, h 
Solviing equa t ions (5 ,1) to (5.4) under the boundary cond i t i ons 
( 6 . 3 5 ; , the flow f lux i n x and z dirffectiong p e r u n i t axial 
1eng th a re 
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6(2^ +pj . ) 
11 (6 .36j 
Q, 
6 (2p + /i;L^ 
dp 
( 6 . 3 7 ) 
I n t e g r a t i n g equat ion of con t inu i ty w i th the boundary 
cond i t ions 
u_ = V a t y = 0 
2 a 
u. V at y := h 
g ives 
dx 
h^ G(e) 
6(2p + fij) • 3xJ 
r h*^  G(e) ap ' 
+ az ^6i2fx + fXj) • az 
= ? - V 
a 
( 6 . 3 8 ) 
where V i s t h e no rua l v e l o c i t y of the j o u r n a l and V" i s 
a 
the v e l o c i t y w i t h which the l u b r i c a n t e n t e r s i n t o the gap 
through the porous bush and i s given by equat ion (6.21) . 
Combining equa t ions (6 . ?1) , (6.23) and ( 6 . 3 8 ) , we ge t 
dx [{ h^G(e^ R^(1-6)H 1 6p '—' + 6(2/^ + ^ ) 4(2|i + p^) 1-: 
+ 8z M{2\^+j^j) 4 ( 2 ^ + ^ ^ ) Jdz 
V (G. 39) 
This i s the extended Reynolds equat ion f o r mic ropo la r f l u i d 
l u b r i c a t e d porous j ou rna l bea r ing where t h e j o u r n a l i s moving 
-126 
w i th a r e l a t i v e normal v e l o c i t y V, 
For t h e case of squeeze f i lm i n an aJfially undefined 
porous journa l b e a r i n g , p u t t i n g x = SG, the equa t ion (6 .39 , 
reduces t o 
r^ 
d 
de 
h"" G(9> ^ _ ^ R 2 ( 1 - 6 ) H 1 dp" 
6C2p+/ i ^ ) 4(2/1+/X^). ^flJ ^'J 
R^V (6.40^' 
dt 
de 
,<riting V = " ^ = c "^ co sS and then i n t e g r a t i n g equat ion 
(6.40) and observing the symmetry of p r e s s u r e d i s t r i b u t i o n 
about e = -rt , we get 
dp I2ji» R^(l + - ^ ) sine 
d9 (6.41) c^ [d+eCO se)^G(o)+<j> (1-6)1 
5he boundary cond i t i ons for p on a f u l l f i lm b a s i s are 
p = 0 at 0 and e = 2JI (6 .42 ; 
Referr ing to F i g . 6 . 4, the load capac i ty Vk of the b e a r i n g 
i s given by 
271 
*P = / P cose LR de = 
2n. dp 
- LR / ^ ^ sinO dO (6 .43 ; 
c de 
vvMch on Using equat ion (6.41) gi"v ej 
\. = S — 
- (1+ - ^ ) / 
p 
sm^'G 
2 o ( l+Sccse) ^G(e)+4'(l-6) de 
(6.44) 
The t ime taken by the jou rna l cen t re t o r e a c h from i n i t i a l 
p o s i t i o n G = 0 to 6 = 6 - , i s ubi-ained by i n t e g r a t i n g 
-127 
e q u a t i o n ('6.44) a s 
t ^ \K c^ 1^ ^ 1 271 s i n ^ e 
t = ^ ^ = - ( 1 ^ _ Q . ) J / = dGde 
2 1 2 y u R L '^  o c ( l+eccse) '^G(e)-f4>(l -6) 
( 6 . 4 5 ) 
The l o a d c a p a c i t y V» and t ime of a p p r o a c h t a r e 
e v a l u a t e d by S i m p s o n ' s r u l e s . I n t h e Newton ian l i m i t ja^ -* 0 
of M - °° , t h e e x p r e s s i o n s f o r Vip and t r e d u c e t o t h o s e 
of P r a k a s h and Vi j ( 1 9 7 2 ) . 
The v a r i a t i o n s of 'h w i t h p-^ a r e siiown i n P i g s . 6 . 1 C ' 
and 6 .11 . I t i s seen from J?ig. 6 . 10 t h a t t h e l o a d c a p a c i t y 
i n c r e a s e s a s u i n c r e a s e s o r M d e c r e a s e s . I t i s f u r t n e i -
s een t h a t t h e l o a d c a p a c i t y d e c r e a s e s a s t h e p a r a m e t e r ^ 
c h a r a c t e r i s i n g t h e p e r m e a b i l i t y i n c r e a s e s . F i g s . 6 . 1 2 and 
6 . 1 3 show t h e v a r i a t i o n s of d i m e n s i o n l e s s f i l m t h i c k n e s s 
h^ 
w i t h t ime of a p p r o a c h t . I t i s n o t e d t h a t t h e 
s q u e e z i n g t i m e i n c r e a s e s a s iT-, i n c r e a s e s . I t i s a l s o seen 
t h a t t h e s q u e e z i n g t i m e d e c r e a s e s a s t h e p a r a m e t e r 4* 
i n c r e a s e s . 
6 . 3 SQUELZE PILL SPHERICAL POKOTJS BEARING 
C o n s i d e r a h e m i s p h e r i c a l p o r o u s b e a r i n g a s shown i n 
F i g . 6 . 5 . The s p h e r i c a l r o t o r h a s a r e l a t i v e normal v e l o c i t y 
V" due to a c o n s t a n t l o a d \'i,, • I'^e a n g u l a r v e l o c i t y of 
t h e r o t o r i s z e r o . I t i s assumed t h a t s u f f i c i e n t supp ly of 
m i c r o p o l a r f l u i d i s a v a i l a b l e f o r l u b r i c a t i o n . I n t h i s c a s e 
a l s o , t h e v e l o c i t y cf t h e l u b r i c a n t t h a t e n t e r s from t h e 
p o r o u s m a t r i x i n t o t h e gap b e t w e e n t h e b e a r i n g and t h e r o t o r 
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SaUEEZt: FILM SPHERICAL fWKHJS 
BEARING WITH MICROPOLAR 
LUBRICANT 
-1S3 
i s g iven by e q u a t i o n ( 6 . 2 1 ) . Fo l lowing t h e same p r o c e d u r e 
a s i n p r e v i o u s c a s e t h e R e y n o l d ' s e q u a t i o n grvernin,_, t h e 
p r e s s u r e d i s t r i b u t i o n i n t h e squeek,e f i l m f c r t h i s c a s e i s 
wr i t t e n a s 
ifc 
s i n e * g2 ; fi' { h^ G(e. 4-6 ( 2 p + ju^) 4(2/U+ /a^) R ^ ( l - 6)H a p l 
+ hx^: h'^ G (9) - V ( 6 . 4 6 
I'he f i l m t h i c k n e s s h , v e l o c i t y of a p p r o e c h and t h e 
f u n c t i o n G(6) i n t h i s c a s e a r e g i v e n a s 
h = c ( l - e cosBj 
V = - dt c H cose 
3 U. 1 - a ( l - e cose) c o t h i a ( l - e cos6) j 
G(e; =. 1 + ^ . ^- ' - - ^ 
2(1+^;]_) a ^ ( l - e coge) '^ 
Here a i s same a s d e f i n e d i n c h a p t e r V. 
F o r t h e c a s e cf an a x i a l l y u n d e f i n e d s p h e r i c a l p o r o u s 
b e a r i n g , e q u a t i o n (6 .46 ) r e d u c e s t o 
R^s ine do 
r h^ G 2/n -h'' G(e) R ^ ( l - 6)H 
+ 
2]X+^^ 4(2J^+}^^) + n. J 
d p i de 
s i n e ^ = - o ^_ . c . s G 
C6.47, 
I n t e g r a t i n g e q u a t i o n ( 6 . 4 7 ; w i t h r e s p e c t t o 6 , we 
g e t 
-134 
dp _ 6p (1+-^) H^  H sine 
+ A ( 6 . 4 8 ) 
i i r i ce p r e s s u r b d i s t r i b u t i o n i s s y m m e t r i c a l abou t 6 = 0 and 
dp 
—r; - 0 a t 9 = 0 , we g e t A = 0 and th^^n 
at) 
dp _ _ 6 ^ ( 1 4 ^ ) R2 ^ 
de „£ 
s i n e 
( 1 - eGcse)^G(G; + i(i-6)j 
(^ . i9 ; 
I he l o a d c a r r y i n g c a p a c i t y of t h e b e a r i n g i s d e f i n e d a s 
? y^ . 
Vk = 2TCR^ j P s i n e cc sO dO 
^ 0 
vvMcJi on i n t e g r a t i o n by p a r t s and u s i n g t h e boundary c o n d i t i r i i s 
p = 0 a t I and 0 = - I 
g i v e s 
„V2 5 dp 
\'»2 = - )iR^ / s i n ^ e - ^ de 
Us-i ng e q u a t i o n (6 .49 ) g i v e s t h e l o a d c a p a c i t y i n d i m e n s i o n l e s s 
form a s 
V,„ c ' 
o 
6KP R-^  f 
s i n ^ e 
do 
° ( l - € c o s e ) ^ G ( e ) + 4 > ( l - 6 ; 
( 6 . 5 0 j 
The t i m e t a k e n by t h e r o t o r t o r e a c h from an i n i t i a l p c s i t i m 
-135 
e = 0 to & z= £,-, i s cb t a ined by i n t e g r a t i n g equa t inn (6 .50 ; 
as 
t j y „ c ^ n. ^1 %/2 sin^G 
t , = ^ ^ A = ii+-hr)S f ^ = ^^ ^^ 
(6.51) 
I n t h e l i m i t u - C c r M - °o , the express ions (6.50) and 
(6.51) f o r load capaci ty and t ime of approach reduce to t i ie 
corresponding express ions fo r J;^lewtonian flufid as ob ta ined b / 
I'lurti (1975; . \(hen cj? = 0 , t h e exp re s s ions (6.50) and 
(6.51) reduce to the c&te of non-porcus hemispher ica l squecce 
f i lm b e a r i n g u s ing micropolar l u b r i c a n t , 
J^igs.6.14 and 6.15 show t h e v a r i a t i o n s of Yi w i t h u . 
S imi la r to the p rev ious two cases , t he load capaci ty Vi 
i n c r e a s e s as U-i i n c r e a s e s oi M dec rease s . I t i s al sc 
noted t h a t t h e load capaci ty i n c r e a s e s as dec reases or C 
i n c r e a s e s . The v a r i a t i o n s of h / c w i th t a re shown in 
P i g s . 6 . 1 6 and 6 .17 . I t i s seen t h a t t h e t ime of approach 
i n c r e a s e s as p-i i n c r e a s e s or c^ dec rea se s . 
6 . 4 COivlCLUSIONS 
I n t h i s chapter we have s t ud i ed the c h a r a c t e r i s t i c s of 
i n f i n i t e l y narrow porous j o u r n a l bea r i ng , squeeze f i lm a x i a l l y 
undef ined porous journa l b e a r i n g and squeeze f i lm a x i a l l y 
undef ined sphe r i ca l bea r ing u s ing micropola r l u b r i c a n t s . The 
follovving conc lus ions may be drawn from the a n a l y s i s . 
( l ) I n a l l the t h r e e cases , the l oad capac i ty of t h e 
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l O r 
|.l^ =:0.9 
ig6.16-VARIATION OF DIMENSIONLESS FILM THICKNESS 
ho/c WITH TIME OF APPROACH U IN SQUEEZE 
FILM SPHERICAL POROUS BEARING(4>::0ll^=l0-0). 
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b e a r i n g s i n c r e a s e s wi th t h e i n c r e a s e i n the 
parameter JtJ-. c h a r a c t e r i s i n g t h e concen t r a t i on 
of the a d d i t i v e s w i t h micro s t r u c t u r e s p r e s e n t 
i n t h e l u b r i c a n t and i t dec reases as t h e 
parameter M i n c r e a s e s i . e . , the s i z e of t h e 
s u b s t r u c t u r e s ( r a d i u s of g y r a t i o n k defined 
i n chap te r V) dec reases . 
(2) The l o a d capaci ty of t h e b e a r i n g s a l so 
i n c r e a s e s as t h e parameter '^ c h a r a c t e r i s i n g 
t h e p o r o s i t y decreases or as the e c c e n t r i c i t y 
r a t i o n 6 i n c r e a s e s . 
(3) I n the case of squeeze f i lm b e a r i n g s , the 
t ime of approach i n c r e a s e s as U-, i n c r e a s e s or 
as c^ dec reases . Thus, the t ime of approach i s 
more wi th micropolar lutoricant thfin witii 
Newtonian l u b r i c a n t and i s s i g n i f i c a n t l y l e s s 
for porous b e a r i n g s as compared t o non-porous 
b e a r i n g s . 
Thus, the a n a l y s i s i n d i c a t e s improved b e a r i n g 
c h a r a c t e r i s t i c s when compared w i th the s i m i l a r a n a l y s i s 
employing Newtonian l u b r i c a n t s . 
CriiiPTLR- VII 
kAGNETOHYDRODYi-^ AIWlC STEP SLIDER BEABIl^ G WITH 
i\fON-UNIK)EM ELECTRIC iND> MAGNETIC EI ELD 
Dur ing l a s t decade c r n s i d e r r , b l e e f f o r t s have b e e n made 
-*.o s t u d j t h e p r o b l e m s of magnetohydrodynaxnic l u b r i c a t i o n 
Decause of i t s p o s s i b l e a p p l i c a t i o n i n n u c l e a r r e a c t o r s and 
n u c l e a r p r e p e l l an t r o c k e t s a s d e s c r i b e d i n c h a p t e r - I . The 
Iv.HD f i i i i t e s t e p s l i d e r i n t h e p r e s e n c e f^ f b o t h t a n g e n t i a l 
and t r a n s v e r s e m a g n e t i c f i e l d h a s b e e n s t u d i e d by H u g h e s ( 1 9 6 : , 
S h u k l a ( l 9 7 0 ) h a s s t u d i e d t h e optiirtum one d i m e n s i o n a l s l i d e r 
b e a r i n g w i t h p e r f e c t l y c o n d u c t i n g s t a t o r and i n s u l a t e d s l i d e r 
and he h a s shown t h a t t h e l o a d c a p a c i t y f o r h i s a r r a n g e m e n t 
i s g r e a t e r t h a n t h a t of o t h e r LlHD s l i d e r b e a r i n g s i n v e s t i g a t e ! 
by O s t e r l e (1962) and Kuzma (1965) . Rodkiewicz and Anwar 
I19'?2) have o b t a i n e d s o l u t i o n f o r IWHD s l i d e r b e a r i n g i n t h e 
p r e s e n c e of a r b i t r a r y m a g n e t i c f i e l d f o r optimum f i l m t h i c k n e s s 
' / ' t h s t a t o r and s l i d e r b o t h i n s u l a t e d and t h e y have found 
t h a t t h e l o a d c a p a c i t y i s s l i g h t l y l e s s t h a n t h a t o b t a i n e d by 
j n i k l a C L 9 7 0 ) a t low flartmann number b u t g r e a t e r a t l a r g e 
l a i bmann numb e r . 
I n t h i s c h a p t e r , we have s t u d i e d the c a s e of s t e p s l i d e r 
v d t h l i ' q n i d m e t a l l u b r i c a n t and b e a r i n g s ' i r f a c e s I n s u l a t e d , 
The b e a r i n g i s s u b j e c t e d t o n o n - u n i f o r m t r a n s v e r s e m a g n e t i c 
f i e l d and e l e c t r i c power from e x t e r n a l s o u r c e . The u p p e r 
-142 
p l a t e i s made to approach, the l»wer p l a t e and so squeezing 
e f fec t i s a l so considered. The appl ied magnetic f i e l d i s 
t aken to be s u f f i c i e n t l y l a r g e so t h a t t he induced magnetic 
e f fec t i s neg lec ted . 
'^'.1 BASIC E.UATIONS 
The b a s i c equat ions governing the flow of a v i s c o u s 
conducting f l u i d i n the presence of e lec t romagnet ic faces 
a r e g iven a s , Per ra ro and Plump ton ( l96 l ) , Pai (1962) I 
[ f f - f x(VxT). iV = ^ SJ ^ - Vp+Pf + J X B 
(7.1) 
V . V = 0 , 7.2) 
These equa t ions have t o be supplemented by Maxwell ' s equatici-s 
V . B = C 
^ x B = 0 
V x E = 0 
S7x J - 0 
(7.3) 
j-n a d d i t i o n Ohm's law i s 
J = c r ( E + V - x B 
where B i s the magnetic i n d u c t i o n f i e l d , E i s t h e e l e c t r i c 
f i e l d , J i s the cur ren t dens i t y , V i s the v e l o c i t y of the 
l u b r i c a n t and f i s the body f o r c e . 
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Let us ccnsider the Tlow of an. incompressible ccnductin^; 
lubricaXLt Detween two i n f i n i t e l y extended rec tangular 
p a r a l l e l p l a t e s in the presence ?f t ransversely applied 
magnetic f ie ld . The physical configuration i s shown in 
i:'xg.7.1 . In the absence jf i n e r t i a lorcesf the equations 
(7.1) , (7.2) and th i rd of (7.3) under Usual assumption of 
l ub r i ca t ion theory Hughes(1963) reduce to 
dp 8 ^ 
y y z ° = ~ d^ -*" P'~2 ~^" -^ ^ '^- "^ ^^'^^ dy' 
8u 6v 
dx ^ Fy 0 (7.5) 
V x E = 0 (7.6) 
The bearing surfaces i r e assumed to be i n s u l a t o r s and each 
surface i s having an electrode segment. These electrodes 
are assumed to be perfect cunductors through which current 
can be supplied to the bearing from an e l e c t r i c source. 
Since, the bearing surfaces are i n f i n i t e l y long, E i s 
assumed constant at the value E. There wi l l be a small 
induced magnetic f i e ld in the jc-direction which produces 
a s l ight ' pinch ' pressure gradient across the film, and thl , 
effect i s taken to be neg l ig ib le . iMeglecting the induced 
ef fec ts , -B i s assumed constant at the value B . The 
equation of motion (7.4) can then bo wr i t ten as 
a^ u K^ 1 dp 
u = — ( : n ; + C r E B) (7.7) 
ay2 h2 - 1^ ' ^^ 
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B. 
P 0 i 
' V 1 i 
n. /J-
71 FLOW OF A CONDUCE n'G 
LUEni^.ANrr I N A T H I N c i ^ „ 
P--0 
ct 
'^ '~"~.B,^ ^^7a^ •O^ i j 
0 
r _ 1 ^ « ^ h 
^ ^ h 
( V01 
z 
H 
B 
A 
2 V r^2 
P 
B oz 
1 / u 
/•2 iviHD . S r n ^ LLH3bR 
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where M = B h{(r/p- ) i s t h e Hartmann number , CT i s 
t h e conduc t iv i ty and u i s t h e v i s c o s i t y of the l u b r i c a n t . 
7, a MrfD STEP SLIUEB BEARIi^ G 
Consider t h e case of a magneto hydro dynamic step s l i d e r 
bea r ing u s i n g a conducting f l u i d a s a l u b r i c a n t . The 
geomet r ica l c o n i i g u r a t i o n i s shown i n Fxg.V.g . The s l i d e r 
i s m»ving wi th a v e l o c i t y U and the s t a t o r i s approaching 
the s l i d e r w i th a v e l o c i t y V. The f i lm t h i c k n e s s , p r e s s u r e 
and the t r a n s v e r s e l y appi.a.ed magnetic f i e l d i n the two 
r e g i o n s a r e r e s p e c t i v e l y as 
h = h ^ , p = p ^ , B ^ = B^ C ^ x i K L 
h = hg , P - Pg , \ = Bg Kl < X i L 
The equat ions (7.7) and (7.5) can be w r i t t e n as 
2 5u. 
dy2 
> * 
Qx 
h^. 
0 1 
av. 
ey " 
, u. 
, Q 
1 P^ (7.8) 
( i = 1, 2) 
(7.9) 
^Pi _ , _ , ^ / 2 
where P^ = ^ + <r\ B^ , M^ = B^ ^ o i ^ ^ / / ^ ^ ^ ^ \ 
i s t h e equa l l ih r ium f i lm t h i c k n e s s . 
The boundary c o n d i t i o n s fo r the v e l o c i t y components 
u . and V. a re as fo l lows '. 
-14G 
u^ = U a t y = 0 and u . = 0 a+ y = h. (7.1>0 
Vj_ = 0 a t y = C and v^ = ~V a t y = h. ( 7 . 1 1 ) 
C c l v i n g t h e e q u a t i o n (7 .8 ) u n d e r t h e b o u n d a r y c o n d i t i o n s 
(7 .10) , We g e t 
^ • ^ 1 = ^ 
h^. P . 
0 1 1 
jU M? 
1 -
M. M. y 
s i n h - — ( h ^ -y) + s i n h i-— ^ 
o i o l 
s i n h h . 
01 
M, 
s i n h T~^(\~ y) 
+ U 0 1 
s i n h -
l . h . 
1 1 
h 0 1 
(7 .12 ) 
I n t e g r a t i n g e q u a t i o n (7.9) and u s i n g t h e boumdary c o n d i t i c n j 
( 7 . 1 1 ) g i v e s , 
dh^ 
d t 
6 \ 
— { ^i y^ (7 .13 ) 
Def in ing t h e flow f l u x by Q^ . = / u .^ dy and t h e n u s i n g 
e q u a t i o n ( 7 . l 2 ) , we have 
1 5 1 
Q. = -
^ 1 
h.Y 1 Uh. 
_ i — ^ p_ + — i 
12JU f^g^ ^ 2gjL 
(7 .14} 
where 
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f. = 
1 
T M. h 2 l t i \ 
h. h . 
kr • '^ "^  "^^ 
M. ii. 1 1 
0 1 
S i = M. h. 
t a n i i ( - ~ u - ^ ) 
ComlDining e q i ^ a t i o n s ( 7 . 1 3 ) axi-d ( 7 . 1 4 ) , we g e t 
dhj 
d t 8x 
ii.^  
1 2 / i fj_gj_ 
P . + - ~ 
1 2g 1 
( 7 . 1 5 ) 
I n t e g r a t i n g e q u a t i o n ( 7 . 1 5 ) i n t h e r e g i o n 0 _< x J KL a n d 
U s i n g t h e b o u n d a r y c o i x d i t i o n s pj_ = 0 a t x = 0 and p-j^  = p.^ , 
a t X = KL , g i v e s 
3 
^ ' 
2 
P^ + 
^ 
1 2 u f. g. 
. P , KL 
P V l 
% M L ^ ^ 
dt + 2 • a t 
( 7 . 16 ) 
i ; i m i l a r l y , i n t h e r e g i o n KL ;< x _< L where p ^ = 
X = KL and p = 0 a t x ^ L , we g e t 
p a t 
s 
h 
1 2p fgg 
•• V 
2°2 1 2 a fog /^^2^2 
L - X 
. P„ • 
^ L ( l - K ) 
2 . 2 dh^ (l+K) (L^'- I x ) 
2 • d t • d t 
( 7 . 1 7 j 
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From the con t inu i ty of the f l u x at x = KL v^ e ge t 
Q. 1 Q, x=KL. x=KL 
which from equat ion (7.14) i m p l i e s t h a t 
u3 4 U 
I 2 u f , g F ^ l ^ l 
. P^ + h (7.18) 
?g 1 ^ ^ / . f g g ^ 2gg 
.^'rom equat ions ( 7 . 1 6 ) , (7 .1") and ( 7 . 1 8 ) , we get t h e s tep 
p r e s s u r e , p as 
6 ^ K L ( 1 - K)f-j_g^f g 
2°2 
P, 
U(ggh^- S l V 
h;f( l -K)fggg+h^f;Lg^ Slg, 
• ( h ^ n i ^ . - V.3. 
6/ . f^g^f ggg ^ ^*-
7 . 1 9 ) 
where 
dh^ dh dh 
dt dt - dt 
:he l e a d capaci ty Yt p e r u n i t l e n g t h i s g iven by 
KL L 
1^ = / p. dx + / Fo dx 
o 1 KL ^ 
7.20) 
Using equat ions ( 7 . 1 6 ) , (7.17) and ( 7 . 1 9 ) , we get 
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1 = 
3 jtt L^ K ( l - K) 
U ( g g i i i - g i V ^ 1 ^ 2 ^ — • 
- > , 3 T 
^'^thVx^i- ^Pi^^gSs) / •^'f 
"ac(i-K)f-Lg^f g 
S°2 
S ' ( l - K ) f g g g . h ^ f ^ g ^ 
- ^ 1 % ^ ^ h ^ 2 ^ ^ ^ (V.21) 
dh. 
At the equilibrium pos i t ion ' v'"^  = 0 , i = 1, 2 aJid then 
the load capacity W i s given Ly 
3yuL%(l- K) 
h3( i -K)fgg2 + i^l^figi 
U 
( 7 . 2 2 ) 
l^ ovv, we consider the following two cases. 
Case I : To see the effect of applied magnetic f i e ld , we 
assume that M. (i= 1,2) i s l a rge . In that case 
. M. h. 
1 X I 
M.h. 
1 1 
' i — 3 • 2h 0 1 2h 0 1 
This implies that the load capacity increases as M. increas 
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Cs.se I I . L e t u s app ly the m a g n e t i c f i e l d t o t h e r e g i o n I I 
o n l y . T h i s means B^ = 0 , w h i c h i m p l i e s f^ i^  = 0 . t i e r e , 
a l s o i t can be seen t h a t a s t h e s t r e n g t h of t h e m a g n e t i c 
f i e l d Bg i n c r e a s e s , t h e l o a d c a p a c i t y i n c r e a s e s . F o r 
B-^  = 0 , f2. "" "'" ^^ 6^ 1 ^ 1 QXid f o r l a r g e B i . e . , f o r 
1 a r g e li ^ 
f. 1 ^ ^ 2h 0^ ? — 2h 
t h e n 
o 
3 j a L % ( l - K) 
M h^ 
I2h; 0 2 
'u( ^ W i -
sh 0 2 
M„h 
V • e^ 222. + _£ . 
02 F ""IW 
( 7 . 2 3 ) 
I 'hus, t h e c o e f f i c i e n t of -TT i . e . , t h e c o n t r i b u t i o n t o t h e 
l o a d c a p a c i t y due to s q u e e z i n g a l s o i n c r e a s e s a s t h e s t r e n g t h 
of t he a p p l i e d m a g n e t i c f i e l d i n c r e a s e s . 
i'^ rom e q u a t i o n s ( 7 . 1 4 ) , ( 7 . 16 ) and ( 7 . 1 7 ) , t h e e x p r e s s i o n ; 
f c r Q-j and Q„ a t any x l o c a t i o n f o r u n i t w i d t h i n t h e 
z - d i r e c t i o n a r e g i v e n by 
Q-1 1 2 ^ 
1 
% S l •KL 
•CTEiI 1 + - ^ - ( x 2g3_ 2 > d t 
( 7 . 2 4 ) 
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h": 1 
«2 = 
12^1 fpgpL( l -K)L ^h\ 2go -t-^] (l+K)L"| dh dt 
(7 .25 , 
i'he sii-^ar fo rce on the lower su r face i s g iven by 
KL fiu L au 
where the f i r s t su f f ix i n P-, axid F-, „ r e f e r s t o t h e lower 
p l a t e aXLd the second r e f e r s to the corresponding r eg ion . 
Using equation (,7.1g) and no t ing t h a t p-, = C at x = C, 
p z= p = p at X = KL and p .= 0 at x = L , we ge t 
-i- </ S c 
^^  = " l | ' V<J"%¥-^) 
yUhljKL 
a 
M h^  
co th(—^--^) 
0 1 h b l 
2go 
-, b ^ U ( l - K ) L M M h 
Pg-a-E^Bg( l -K;Lj ^ . c o t h ( - g - ^ ; 
h 0 2 c^ 
( 7 . 2 6 ) 
L^imilarly, the shear force on t h e upper sur face i s g iven by 
KL 8u 
F. IN 
1 8u I s 
2^1 * '\. - \ / -}^^w\._^'^ * V L - ^ ' ^ ^ . . ; ^ ' u  22 
bh. n blvl LKL 
- • ^ ( p +CrE.E,KL)+ ^ cosech( 
"^^l fa -^  -^  o l 
¥i l \ 
o l 
-152 
bli 
+ 
-2 (p -CTE B ^ ( l - K)L 
2gp L s 2 2 + 
/ i b l ( 1 - K)UL 
02 
M h 
c o s e c h ( — ? ^ ) 
02 
(7.2'7) 
The c a s e B-^_ = 0 i m p l i e s t h a t M^ = 0 , f^  = 1 and g^= 1 
t h e n 
6 j L l L K ( l - K ) f g g g 
^ ^ ? ^ K) f ggg+K h3 
^/^ ^2^2 g. 
r ah 
"" ^ at 
(7 .2B) 
3p L K ( l - K) 
h ^ ( l - K ) f g + K h 
hX E„ B, 
3 • r s 2 ^ ~ ^2) ^2 - ' ' ' 
/" ^ i t 
' 3 K ( 1 - K ) f ^ K 
+ ? + f g f . ^ . ^ ^ ^ 
_ h J ( l - K ) f g +h3K h j 2 2 J,; 3 
2 
( 7 . 2 9 
_ ; ^ L % ( i - K)fggp. 
' " ' ^ h3^( l -^K)fgg^4 .Kh^\ 
• 2^ * ^ V 2 ^ 
i^.dO) 
bh-, b u U b h 
2 ^s \ ' ^ 2gg L 
P g - C r E g B g ( l - K ) L 
b ^ U ( l - K)L M 
h 
M h 
^ c o t h ( — ^ - 2 - ) 
02 02 
(V.31) 
-1^3 
bhj b n U bh p n 
p = i . p + - ^ KL + ^ -
2 ^^ ^ ^^2 
P3 - c r W ( i - K ) L 
bjuU(HC) LM , ^P i^ P 
+ iL. ccsech(—^^—^) ('?'.32) 
Ir. o rder to f ind t h e c u r r e n t s I-i and I p vvc proceed as 
fo l lows : l e t <3^ be t h e te rminal p c ^ e n t i a l measured in the 
s l i d e r frame. Then CD = -S^b = - E b which i m p l i e s t h a t 
E-, = E = E ( s ay ) . Let I-, and ! „ be the c u r r e n t s i n the twc 
r e g i o n s I and I I r e s p o c t i v e l y , then we have 
KL 1 
I / / J dydx - (TL^b^KL 
^ x=o y=n 
s ince J i = (r_\ and'B^ = 0 (7.33) 
L ^2 L 
I = / / Jpdydx==cr-V?^l~^)^+^^p -^  V ^ 2 x=KL y=o "^  "^  "^  ^ KL ^ 
P u t t i n g the va lue for Q from equat ion (7.25) and then 
i n t e g r a t i n g Are get 
Cr BpU h ^ ( l - K) L 
2gg 
L u b s t i t u t i n g t h e express ion for p from equat ion (7.28) 
s 
and t ak ing the t o t a l cu r ren t to be ^ t " "^ 1 "^  "^ 2 ' "^^  
g e t on equi^ting ^ = ^o - '^ ^ 
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h-
Kh-j_ + ( 1 - K ) Pj^ hg 
1 ^ ( 1 - K) E ,^ h^ - K h^ F,^  
Kh, + ( 1 - K) F^^ hg 
a 
where PM = 1 ~ 
( l - K) h^ i^ (TBJ 
I 2 u 1 
A 
Cr B^ UhgCl - K)L 
2go 
1+ 
'^ "g 'gp'^- ^^ 
+ 
O-Bg h ^ K d - K ) L 2 ^^ 
2A dt 
and A = h ^ d - K) fggg + Kh^ 
>^e have I-, and I p ^ ^ d i m e n s i c n l e s s fo rms a s 
^1 = 
^\^t*^\h 
and 
K h^ + ( 1 - K ) f^^ M (7-35) 
h = I ( 1 - K ) % - K i^ ^] N 
K h. + ( l - K) i M 
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where % - 1 -
(1-K) hg ^ M| 
1 2 h^^(l-K) fggg + K 
% = - M £^(1-K) 
2 2^  
- _ ^ 
K(l- K) S 
2[h,3(i-K)fggg^K] 
^ l -
•1 
ULfcr^ 
, I. 
uifoT^ 
^t - ULfo~, 
E = 
TJ 
^1 h 
and since E = 
h 
"1 E '1 
<r\ KL K \ 
1 ~ K = 1 h . 0 2 ^2 = 1 o 2 0 2 
and S • --r— i s a dimensionless squeeze number. 
U 
Tile dimensionless load capacity 1/1/ i s given by 
Vk = 
Vk h 2 3K(1-K) 
0 2 
/lUL^ b V[(l-K)fgg2H,2^Kl 
E hgSl 
- i5e 
+ s 
3 K ( l - K ) f ^ g ^ K' 
- + + 
'V ( l -K)fggg £ 3 ^j^ c: 3 ~ 3 2 ii„"^ iij_ h 3 
(7.36) 
E h 
where E^ := —^—^-^ 
U 
. Tcr /y" 
\7 and \"io > "th-s dimensicnless load bea r ing c a p a c i t i e s 
c *^  
i n equ i l ib r ium p o s i t i o n and due to squeezing a re r e s p e c t i v e l y 
g iven by 
a c ( i - K) 
\j -
o r 3 I ,. _T.^. „ - 3 , J h „ " [ ( l -K) fggg i)^^ + K 
[ (Sg\-l)V^''2^2 V I 
(7.37) 
5K(l4C)f^g^ K 3 
+ 
^ p g p ( l - K ) 
h' [(1-K) ^2^2^ ^ -^ ^2^ \ u 3 - 3 u 3  i i . 
(7.38) 
s i m i l a r l y , the dimensionless p r e s s u r e a t the step p an 
t h e d imens icn less f r i c t i o n a l f o r c e s ^-^ and F^ a t t h e 
lower and upper p l a t e r e s p e c t i v e l y a r e given by 
-^^  0 2 
/I UL 
6K(1- Kj S f, 
h/[(l-K)i^3,^g^.K] '^ z ' 
:7.39) 
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^L = u ULb 
^ ( il + h )^ p 2 s 2 s 
K 
s 2 2g, 
5 g ~ ( i - K ) M 2 E g - ( l - K ) M g coth(Mghg) (7 .40 ) 
u P ULb 
1 K 
s 2 
+ 
h . 
. ^ . 
2g, 
P s - ( 1 - l') «g ^ 8 + ( 1 - K ) l r»Beoh(M £ ) ( 7 . - a ) 
The p a r t i c u l a r c a s e of p a r a l l e l s l i d e r b e a r i n g i s 
o b t a i n e d by p u t t i n g iL = 1 and by r e p l a c i n g h by iL . 
7 . 3 RLSULTS Ai^ J} Dl ,'^ ClJ SSlOlJ S 
The v a l u e s cf ^^ , "h , P, and f, a r e c a l c u l a t e d f o r 
u s Jj u 
d i f f e r e n t fiartmann numbers M , s t e p p o s i t i o n K , s t e p 
h e i g h t r a t i o . h and e l e c t r i c c u r r e n t f, . T h e i r 
S T 
v a r i a t i o n s w i t h h a r e shown i n F i g s . ( 7 . 3 - 7 .16) . I n 
p a r t i c u l a r , c a l c u l a t i o n s a re p e r f o r m e d by t a k i n g two 
s q u e e z i n g numbers S = 0 . 0 and S = 1 0 . ^ . The r e s u l t s 
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given by S = 0.0 and h. = 0 . 0 a re compatible w i t h t h e 
r e s u l t s of D.C.Kuzma (1965). From P i g s . 7 .4 , 7 . 7 , 7 .9 
and 7 .13 i t i s e a s i l y seen t h a t t h e l o a d c a p a c i t i e s and 
f r i c t i o n f o r c e s i n c r e a s e as t h e s t r e n g t h of t h e magnetic 
f i e l d i n c r e a s e s . Alsu, as t h e e l e c t r i c cur ren t I , 
i n c r e a s e s , the l o a d capaci ty V« and f r i c t i o n f o r c e s PT 
and P i n c r e a s e s , as can be seen from P i g s . 7 . 3 , 7 .1g 
and 7 .16 . Out of the t h r e e s e t s of f^  = 0 . 0 , I^ = 2.0 
and ^i = ~ 2 .0 , t h e maximum va lue s of i"^, P-j^  and P^ 
a re achieved at 1+ = 2 .0 . TMs i m p l i e s t h a t the d i r e c t i o n 
of the current i s of importance i n d e a l i n g wi th t h e 
c h a r a c t e r i s t i c s of the b e a r i n g so t h a t by v a r y i n g th€ 
magnitude and d i r e c t i o n of the cur ren t we can have the 
des i r ed load c a p a c i t y . I t i s i n t e r e s t i n g to no te from 
equat ion (7.36) t h a t t h e c o e f f i c i e n t of S i . e . , t h a t 
of ~ ~j+ i . e . , t h e c o n t r i b u t i o n t o t h e l o a d capac i ty due 
t o squeezing i s independent of t he e l e c t r i c cur ren t . 
I t i s seen from P i g s . 7. 5, 7 . 7 ( a ) , 7 .11 and 7 .15 t h a t t h e 
load c a p a c i t i e s and f r i c t i o n f o r c e s dec rease as t h e s tep 
height r a t i o i n c r e a s e s . Prom P igs . 7.C, 7 . 8 , 7.10 and 
7 .14 , i t i s noted t h a t Yv and P, i n c r e a s e s and Y» „ and 
0 u o 
P 'j^  decreases as the step location K increases. 
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CHAP TEH - VI I I 
EXTERNJ[.LY PRESSURISED kAGI^ETOHYDRODYlAliaC POROUS 
CONDUCTING TnRUsT PLATES 
E x t e r n a l l y p r e s s u r i s e d magnetoiiydrodjmamic b e a r i n g s hiV-^ 
b e e n s t u d i e d by Hughes and E lco ( 1 9 6 2 ) , Shuk la and P r a s a d 
( 1 9 6 6 ) , KaMyama ( 1 9 6 9 - 7 0 - 7 1 - 7 3 ) . R e c e n t l y , Shukla and I s a 
(1977; have s t u d i e d t h e optimum e x t e r n a l l y p r e s s u r i s e d magneto-
nydro'^ynamic b e a r i n g s and i t h a s b e e n p o i n t e d o u t t h a t b e t a 
t h e f i l m t h i c k n e s s and t h e m a g n e t i c f i e l d shou ld b e s t e p 
f u n c t i o n h a v i n g the same s t e p l o c a t i o n . I n p a r t i c u l a r , 
e x t e r n a l l y p r e s s u r i s e d magneto hydro dynamic po iwus t h r u s t 
p l a t e s have b e e n s t u d i e d by I s a (1974) . I n t h i s c h a p t e r , 
we have c o n s i d e r e d t h e e f f e c t s of c o n d u c t i v i t y of t h e p l a t e ) 
on t h e p e r f o r m a n c e c h a r a c t e r i s t i c s of e x t e r n a l l y p r e s s u r i s e c 
magneto hydro dynamic p o r o u s t h r U s t b e a r i n g s . He re , we h a / c 
assumed t h a t t h e u p p e r p l a t e i s p o r o u s t h r o u g h w h i c h t h e 
i n c o m p r e s s i b l e c o n d u c t i n g l u b r i c a n t i s e x t e r n a l l y p r e s s u r i s e d 
i n t o t h e b e a r i n g g e n e r a t i n g a symmet r i ca l p r e s s u r e 
d i s t r i b u t i o n i n the f i l m . J ' - i r ther , t h e a n a l y s i s i s b a s e d c r 
t n e a s s u m p t i o n t h a t t h e p o r o u s m a t r i x c o n s i s t s of numerous 
p a r e - l i e l c a p i l l a r i e s c a u s i n g u n i d i r e c t i o n a l flow of t h e 
l u b r i c a n t i n t h e d i r e c t i o n normal t o t h e p l a t e s , h s i n g (19V1) . 
-. c o n s t a n t m a g n e t i c f i e l d i n t h e t r a n s v e r s e d i r e c t i o n h a s 
J eon a-oplied t h r o u g h o u t t h e b e a r i n g w h i c h m o d i f i e s t h e 
p r e s s u r e i n t h e f i l m . S i n c e , t h e c o n t r i b u t i o n t o t h e v e l o c i t y 
-16^, 
by t h e a p p l i e d m a g n e t i c f i e l d h a s n c d i r e c t i n f l u e n c e on t h e 
m o t i o n a long t h e l i n e s of f o r c e , t h e v e l o c i t y , of t h e l u b r i c a n t 
i n t h e m a t r i x i s u n a f f e c t e d and i s assumed to be g o v e r n e d 
by t h e D a r c y ' s l a w , fising ( 1 9 7 1 ) . 
The e f f e c t s uf c o n d u c t i v i t y of ':he s u r f a c e s i n t h e 
f o l l o w i n g I'lHD p o r o u s t h r u s t b e a r i n g hav^ been s t u d i e d '. 
( i ) lidD porc'Us t h r u s t i n f i n i t e p l a t e s , 
( i i ) IwliD p o r o u s t h r u s t c i r c u l a r p l a t e s . 
8 . 1 I'HD POROUS COiMDUCTIl^ G TiiRUSI PLATES 
C o n s i d e r t he flow of an i n c o m p r e s s i b l e c o n d u c t i n g 
l u b r i c a n t be tween two c o n d u c t i n g i n f i n i t e l y e x t e n d e d p a r a l l e l 
p l a t e s i n t h e p r e s e n c e of u n i f o r m l y a p p l i e d t r a n s v e r s e 
m a g n e t i c f i e l d . The u p p e r s u r f a c e i s p o r o u s t h r o u g h wh ich 
t h e l u b r i c a n t i s e x t e r n a l l y p r e s s u r i s e d i n t o t h e b e a r i n g . 
The p h y s i c a l c c n f i g u r a t i o n i s shown i n P i g . 8 . 1 . 
Under Usua l a s s u m p t i o n s of l u b r i c a t i o n t h e o r y , t h e b a s i c 
e q u a t i o n s g o v e r n i n g t h e flow of t h e c o n d u c t i n g l u b r i c a n t a r e 
a s follow^^ : Shukla and P r a s a d (196 5) 
^ M2 . 1 , ^P 
5y^ h^ ^ ax 
° = -Cr( E + uB^) ( 8 . 2 ) 
Qy 
1/2 
where Ivi = B h(Cr/jii) i s the Hartman number, "B i s the 
applied magnetic f i e ld in y -d i ree t ion , H i s the induced 
magnetic f i e ld in x-d i rec t ion , E i s the e l e c t r i c f i e ld in 
z-d i rec t ion and C P i s the conductivity of the lub r i can t . 
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Tile b o u n d a r y condit . i .ons f o r t h e i n d u c e d m a g n e t i c f i e l d 
a r e , Snyder (1962) 
6H H 
o o 
ay S^h 
aH H 
o o 
= 0 a t y = 0 
=: 0 a,t y = h 
( 8 . 3j 
w 
(r^\ CTo^I 2_£ h e r e S^ = ^r^ , Sg = - ^ ^ a^d (T-^, H^ and (Tg , H^ a r e 
t he c o n d u c t i v i t y and t h i c k n e s s of t h e l o w e r and u p p e r p l a t e s 
r e s p e c t i v e l y . 
The boundary c o n d i t i o n s f o r t h e v e l o c i t y a r e 
u = 0 a t y = 0 
u ^ 0 at y = h 
( 8 . 4 ) 
Sulv ing e q u a t i o n s (8 .1 ) and (R.2) t o g e t h e r w i t h t h e b o u n d a r y 
c o n d i t i o n s ( 8 . 3 ) and ( 8 . 4 ) , g i v e s 
u 
h"^  dp 
—2 ( d ^ - ^ ^ ^ o ) 
/^ M' 
1 - cosh - ^ + 
My c c s h M - 1 
s i n h M 
s i n h — 
My 
IT 
( 8 . 5 ) 
^^ o = M2 '^ f^ dx h^L 
s i 
2y -
i n h j ( — -1) Ky ^ ^ M d ii - r - + t a n h 7: 
c o s h -^  
h 
- <rE(y+hS-^) ( 8 . 6 ) 
- 1 / 1 
E = 1 
TcTjU dx ^ 
ta»li(M/2) 
u tanh(M/2) 
( 8 . 7 ) 
.^.^^g. (M/2) 
Combining equa t ions (8.5) and ( 8 . 7 ) , we o b t a i n the exp res s ion 
fo r u as 
- i£ ^ . ysp^^ 
^= >'M2 dx ^ TT-^ '^^ ^^^y-^ ^ 
J- 2 M 
My CO sWt - 1 My 
1 - c o s h ^ p f 3 i n h M - s i ^ ^ b -
liie flow f lux of the l u b r i c a n t i s g iven by 
Q = b / u dy 
vi/Mch on u s i n g equat ion (8.6) g ivus 
8.8) 
2bh'^ dp r(S^+Sg+l) ( t anh-g --g ) 
M^ dx 
S^.S_+ 
tanh(M/2) 
(M/2) 
I n t e g r a t i n g equat ion of c o n t i n u i t y T ^ + T ^ 
ox oy 
the boundary condi t ions 
(8.9) 
= 0 and us ing 
V = 0 a t y = 0 
(8.1^ 
V = - V a t a y = h 
wher-e V" i s the v e l o c i t y of t h e l u b r i c a n t i n t h e porous xr^ tis-
a 
g i v e s 
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d Q 
dx b ^ 
Tom equations (8.9) and (8.11), we get 
d 
dx 
gh3 dp r (VS^+l ) ( t anhf -M) 'j1 
- — < ^ ^' 2__2 U ^Y (8.12) 
L/iM^dx I ^ tanh(M/^) -^ J ^ 
^ 2 (M/2) 
The velocity V" in the pcrous mesh i s given by the Darcy ' s 
law as, Hgirg. (1971) 
^ P - P 
V = - ^ (8.1?) 
a IX H g 
where <:;b i s the permeability, ii i s the viscosity of the 
lubricant and p i s the external pressure. 
Combining equations (8.12) and (8.13), gives the equation 
determining the pressure as follows 
d 
dx 
2^ fP_ J ( S i + S p + l ) ( t a n h | - | ) 
MU M 
3 dx ] tanh(M/2) 
• P ~ P 
= 4?. - V - ^Q-i^ ) 
b-j+3 + (M/2) 
Integrating equation (8.14) and using the boundary conditicn; 
dp 
dx 
P 
— 
= 
0 
0 
at 
at 
X = 
X = 
0 
L 
2 
gives 
173 
cosh J 
p = p (1 -^ ) (8.15) 
2px 
L _ 
- r, tanh. ~ 
where p'^  = ^ (8.16) 
24 (S3_+Sg+1)( I - t anh | ) 
7 34^ L^  
and 4^ = r- i s the dimensiunless parameter 
characterising the porosity . 
The I'-ad capacity of the bearing i s given by 
L/2 
d^ = 2b j p. dx 
o 
On using equation (8.15) gives the load capacity in 
dimensionless form as 
W^  tanh B 
y- _ _ . i _ ^ 1 - _ (8.17) 
^ bp L P 
-^ e 
In the case when s^ = S^ = 0 i . e . , for non-conducting; 
surfaces the expression for the load capacity reduces to tha-: 
as obtained by Isa (1974) . 
Also, for M = 0 i . e . , for non-magnetic case the 
expression for load capacity reduces to 
-I'"/4 
t a n h p.. 
\h. = 1 5 — - (8 .1H) 
± ^1 
where (3^ = ( 3 4^ L^ / H^h^ ) / ^ 
3 . 1 . a SQUEEZING EFFECT 
C o n s i d e r t i i e c a s e when t h e u p p e r p l a t e i& a p p r o a c h i n g 
t o w a r d s t h e l o w e r p l a t e wxth a normal v e l o c i t y V due t o a 
consl^ant l o a d Vi^  . I n t h i s cape t h e bounda ry c o n d i t i o n s 
( 8 . 1 0 ) a r e irxd^'fied t o 
V = 0 a t y = 0 
( 8 . 1 9 ) 
V =. - V- V a t y = h 
a 
App ly ing t h e same p r o c e d u r e a s i n t h e p r e v i o u s S e c t i o n , t h e 
e x p r e s s i o n f o r p can b e w r i t t e n a s 
^ e cp cosh p 
The l o a d c a p a c i t y of t h e b e a r i n g i s g i v e n by 
L / 2 
Wy = 2b / p dx 
o 
wii ich on u r i n g e q u a t i o n (8 .20 ) g i v e s t h e d i m e n s i o n l e s s f o r n 
c f t h e l o a d c a p a c i t y a s 
-17 5 
W T . TT t a n h B 
T 
^^PeL * 1 P 
( 8 . 2 1 ) 
where V = 
3 ju L^V 
p h" 
e 
C u L s t i t u t i n g V = - 4 r i n e q u a t i o n (S.gL) and t h e n 
i n t e g r a t i n g , we g e t t h e t i m e of a p p r o a c h f o r r e d u c i n g t h e 
f i l m t h i c k n e s s from an i n i t i a l v a l u e h to a f i n a l v a l u e 
0 
h^ a s 
1 
^ 
^ 
'!il^ 
. P g - "tanh pg 
- 1 
dh ( 8 . 22) 
where t^ = ^e_ 1 o h 
h 
•^  3^1 L^ •' ^ = F - • ^f = h 
M h 
, „ t a n h —s— V 
io o^ (si+s' + — r — ^ 
'2 o o 
24 ( h + S^ + s y ( g 
M h M h 
t a n h ~ ^ ) 
^^ o =^o^o^<^//^) ^^ ' ^o = 
34^ L^  
t H^ h^ 2 o 
, S ' ^ 1 % 
1 CTh 
o 
^ (T h 
c 
8 . 2 MHD POROUS CONIXJCIIMG CIRCULAR 'IriRUST PLATES 
Now we c o n s i d e r two c i r c u l a r c o n d u c t i n g t i i rUs t p l a t e s of 
r a d i u s R. The u p p e r p l a t e i s p o r o u s t i i rougi i wMcii l u b r i c a n t 
i s p i e s s u r i s e d i n t o t h e b e a r i n g g e n e r a t i n g a synmaetr ica l 
p r e s s u r e d i s t r i b u t i o n i n t h e f i l m . Ihe p h y s i c a l c o n f i g u r a t i o n 
i s shown i n P i g . 8. 2 . 
t i e re t h e e q u a t i o n d e t e r m i n g t h e p r e s s u r e i s m o d i f i e d by 
r e p l a c i n g b = 2rtr i n e q u a t i o n (8 .9 ) a s f o l l o w s 
4-rtrh'^ dp r(S-j_+Sg+a) ( t a n h | " "g) 
F M^ ^"^ 
1 2 (M/2) 
Q ; 8 . 23) 
The e q u a t i o n of c o n t i n u i t y i n t h i s c a s e i s d e f i n e d a s 
1 3v 
r o r 6z (8.24) 
I n t e g r t i n g e q u a t i o n ( 8 . 2 1 ) and u s i n g t h e b o u n d a r y c o n d i t i o n s 
0 at 2 = 0 
( 8 . 2 5 ) 
V = - V 
a 
a t 
g i v e s aQ 
a r 
25ir.V 
a 
( 8 . 2 6 ; 
w h e r e V i s t h e v e l o c i t y of t h e l u b r i c a n t i n t h e p o r o u s mech 
Si 
and i s g i v e n a s 
a 
i. H ( 8 . 2 7 ; 
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Combining equat ions ( 8 . 2 3 ) , (8.26) axU ( 8 . 2 7 ) , t h e f i n a l 
equat ion determining t h e p r e s s u r e i n t h i s case i s g iven by 
3 ( S . + S p + l ) ( t a J i h | - | ) 
M^^ . ^ . , tanhCM?;^ ^ 05^^ d?)= " ^ P e " P) ^«-
1 2 (M/2) 
Equation (8.28) can be w r i t t e n as 
d^p dP 
r; — 5 + CP = 0 (8 . 29} 
t a n h -p 
M2(S^+Sg+ 1 ) 
^ 2 
wher . P = Pg- P, C = a r , .a^ = — ^ . ^^^ 
R" (&^+Sg+l)( | - t a n h | ) 
and 4^  4^ R 
2 
^ 2^gh^ 
The boundary c o n d i t i o n s fo r P a re 
^ = 0 at < = 0 (8.30) 
dS 
P - p a t C = aH (8 . 31.J 
:'ri£ general s o l u t i o n of equat ion (8.29) i s w r i t t e n as 
P = A^  1^ (0 + \ K^(U (8.32J 
where I (C) and K (^) a r e the modified Bessel f unc t ions 
-17B 
f i r s t and second kind of zero order r e s p e c t i v e l y . 3irc«- P 
i s f i n i t e a t ^ = 0 and '&Q(%) has an i n f i n i t e s i n g u l a r i t y 
at f = 0 , we mupt have E, = 0 and then using cond i f on 
(8.2L) we determine constant An l e a d i n g to the so lu t : or. 
r ^ ( 0 1 
p = p 1 •• ^ ( 8 . 3 3 ; 
-Qvaiv 
vvhrire a]_ = a R 
-1 ne load capaci ty W of the b e a r i n g i s given by 
R 
i^t = / p . 2n;r dr 
2 o 
n ich on Using equat ion (8.33) g ives the dimensionless fo.rni 
of the load capaci ty as 
V, 2 l i ( a i ) 
1C P^ R^ a i I , ( a i ) 
vyhen S-^  = S = 0 i . e . , f o r the case of non-Qonducting; 
sur face the express ion (8.34) reduces as ob ta ined by I sa 
(197 4 ) . -/.Isc fo r M = 0 , t h e express ion f o r load capa^i^'v 
reduces for non-magnetic case. 
3. 2. b Gi^ b ELZING LPFEC T 
Consider the case when the upper p l a t e i s having a 
r e l a t i v e normal v e l o c i t y 'V due to l o a d i n g . Then t h t 
cond i t ions (8 . g5) a r e modified to 
V = 0 at z = 0 
(8 . 3^ 
r = - V-Y at z = h 
a 
-179 
F o l l o w i n g t h e same p r o c e d u r e a s b e f o r e t h e e q - a t i o n 
d e t e r m i n i n g t h e p r e s s u r e i s g i v e n by 
P = (Pg + [.• 
l o ^ a i ) 
^P.?6^ 
and t h e i n s t a n t a n e o u s l o a d a t t h e g i v e n s q u e e z i n g v e l o c i t y 
i s g i v e n by 
W 
1 V V 7C p R' 
( 8 . 3 7 ) 
where V = 
i r i t i n g Y 
jU VR^  
2Pe ^^ 
dt and i n i e g r a t i n g e q u a t i o n (6 .37 ) we o b t a i n 
t h e s q u e e z i n g t i m e f o r r e d u c i n g t h e f i l m t h i c k n e s s from 
h^ to h^ a s f o l l o w s 
1 1 
^ 
- dh 
V 
-1 
( 8 . 3 8 ) 
where t , 
R-^  . 4> 
•l^  R' 
* 4 ^^o(s{ +s: + 
4 2Hg h^ ^ 
M k 
o t a n h -r- . 
—^ j M 
o 
8 
""2 = 
M h "M h 
(h+s^+Sp ( - | - - tanh - ^ ) 
and 
8 . 3 RLSUL 'X'L A^ L DI SCU;: -JL Oh S 
taxih ;? 
Prom Fis.8.:^ i t i s seen that the function 1 ^ 
increases as p increases . Further , from equation (b \ 6) 
i t can be pointed out that [3 increases as S^  + S or .'4? •^"" ^ 
increases . Thus, i t may he concluded from equation (8.17) 
•tUrit the load capacity \t-, uf the Mi-fD porous cond'Jotin*;^ 
ii irurt p l a t e s increases as the conductivity of the iDlatei 
increases or permeability or tne s t rength of the maiZnetic 
f ie ld increases . These conclusions are also manifested 
tnrough i i g s . 8.5 and 8.3 . \vhen squeezing i s also taKi.ig 
nlacb i t can be mentioned from equation (8.21) tna t the 
load capacity l/>y increases as (Si + S ) &r M or \'" 
increases for a prescribed *Xi 
I t can further be pointed out from equation (8.2?) 
that the time of approach t-, increases as the conductivity 
of p l a t e s or s t rength of the magnetic f i e ld increases for 
a given permeability . 
"'rom Pig.8. 4 , i t i s seen th^at the function 1 
a-_J-Q ( a ^ ) 
increases as u-, increases . Since 
tanh ~ 
4 = % •K='( VSg+ ——)/ . s,.S„.l) ( I - tanh I ) 
2 
ncreases as 4i or M or S^ +^Sp increases . Therefore 1 t r^f 
jc concluded from equation (8.34), (8.3?) and (8.38; tha i in 
1 he caiie of fcHD porous conducting c i rcu la r t h rus t p l a t e s t^e 
r e s u l t s are s imilar as obtained for MHD porous conducting 
p a r a l l e l rectangular thrust p l a t e s . 
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CriAPTER - IX 
DLTLRi'iiiLLy PRESSURISED EAGiMETOHY^ ROxjTi^ J AluIO PARTIAL 
POROUS STEPPED TxlRUST PLATES 
«<e have s t u d i e d e x t e r n a l l y p r e s s u r i s e d m a g n e t o h y d r ^ -
dynamic u c r o u s c o n d u c t i n g t h r u s t p l a t e s i n c h a p t e r - V I I I . 
I n t h i s c h a p t e r , we have c o n s i d e r e d t h e e f f e c t s of s t eppe a 
f i l m t h i c k n e s s en t h e c h a r a c t e r i p t i c s ^f p a r t i a l p ^ r c u s 
c o n d u c t i n g t h r u s t p l a t e s . The u p p e r p l a t e i s assumed t o It 
made of conductin(-_ m a t e r i a l and the l o w e r p l a t e i s i n p u l & t e d . 
i'J ore e v e r , t h e u p p e r p l a t e i s p o r o u s i n t h e s t e p p e d r e g i o n 
t h r o u g h wh ich t h e l u b r i c a n t i s e x t e r n a l l y p r e s s u r i s e d i n t o 
tht. b e a r i n g g e n e r a t i n g a symirietri c a l p r e s s u r e d i s t r i b u t i c n 
i n the f i l m . A u n i f o r m m F g n e t i c f i e l d i s a p p l i e d t h r o u g h c u t 
t h e b e a r i n g i n t h e t r a n s v e r s e d i r e c t i o n . 
Here we s tudy the f o l l o w i n g e f f e c t s i n MriD t h r u s t 
b e a r i n g s I 
( i ) The e f f e c t of c o n d u c t i v i t y of t h e b e a r i n g s u r f a c e 
( i i ) The e f f e c t r f s t e p i n t h e f i l m t h i c k n e s s 
( i i i ) The e f f e c t of p o r o s i t y i n t h e c o n d u c t i n g s u r f a c e . 
9 . 1 BASIC Ei:;^ATIOKS 
L e t Us c o n s i d e r t h e flow of a c o n d u c t i n g l u b r i c a n t 
b e t w e e n two i n f i n i t e l y l o n g r e c t a n g u l a r p l a t e s . The u p p e r 
p l a t e i s p o r o u s 
• 
l u b r i c a n t i s e x t 
i n t o t h e b e a r i n g 
t b r o u g h o u t t h e b-
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and made o f c o n d u c t i n g m a t e r i a l . Tha 
e r n a l l y p r e s s u r i s e d thrc'Ut:,h 
A u n i f o r m m a g n e t i c f i e l d 
t h e u p p e r 
i s a p p l l ei 
e a r i n g i n t h e t r a n s v e r s e d i r e c t i o n . 
p h y s i c a l c o n f i s u r a t i o n i s shown i n P i g . 9 . 1 . 
The b a s i c e 
l u b r i c a n t a r e a s 
6y^ h^ 
ax 
6u dv 
ex ^ ay 
q u a t i o n s g o v e r n i n g t h e f low 
f o l l o w s I 
1 dp 
— " ( • • • + Q ^ i i - D . ; J. dx f^  
= - c r ( £ + uB^) 
= 0 
where B ^ i s t h e a p p l i e d m a g n e t i c i " ie ld , M =B^ 
i s t h e Hartmann number, L i s t h e e l e c t r i c a l 
i n t e n s i t y of t h e i n d u c e d m a g n e t i c f i e l d i n . t 
and (T i o t h e • t - n d u c t i v i t y of t h e l u b r i c a n t . 
The boundary c o n d i t i o n s f o r u and v 
u 
V 
where V i s th( 
a 
= O a t y = 0 , y = 
= O a t y ^ O , v = -
3 v e l o c i t y of t h e l u b r i c a n t 
channe l and i s g i v e n by Darcy ' s law a s 
of t h e 
, h ( 0 - / ^ 
. f i e l d , 
he x - d i 
a r e 
h 
- V a t 
a 
i n t h e 
( 
p i a t e 
d 
The 
ccnduc t i ^ e 
( 9 , 
( 9 . 
( 9 , 
.1 ) 
. ? ) 
. 3 ) 
1/2 
) 
] 1 i s 
0 
. r e c t i cix 
( 9 . 
y = 
( 9 . 
.4) 
: h 
,5) 
p o r o u s 
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Fig. 9-1-Meqnetohydrodynamic porous coi.ductinq t^ »rust plates 
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4^ ' .Pe" P ( 9 . 6 ) 
where<Cp i s t h e p e r m e a b i l i t y , u i s t h e v i s c o s i t y cf t h e 
l u b r i c a n t , p i s t h e e x t e r n a l p r e s s u r e and H i s t h e 
t h i c k n e s s cf- t h e p o r « u s i r a t r i x . 
I n t e g r a t i n g e q u a t i o n (9 .1 ) and u s i n g t h e bounda ry 
c c n d i t i c n s ( 9 . 4 ) , we g e t 
u = -
f 
h^ dp 
M 2 ' dx 
1 -
My 
CO sh 1 ^ + 
CO sh iv: - 1 ky 
s i n h 
s i n h M h -f 
( 9 . 7 ) 
Uging e q u a t i o n ( 9 . 7 ) , t h e flow f l u x of t h e l u b r i c a n t i s 
g i v e n by 
h 2b h*^  dp 
Q = b / u d y = ;? ( ^ 
0 JJLM'^ ^ 
J- - rEB^(-f- - tanh f) ( 9 . 8 ) 
S i n c e t h e l o w e r p l a t e i s made of n c n - c o n d u c c i n g m a t e r i a l and 
t h e r e i s n j e x t e r n a l c u r r e n t , we have from e q u a t i o n ( 9 . 2 ) 
h+H, > 
2 / <r(E + u%) dy + / Ec r„ dy = 0 (9 .9) h 
where (T^ i s t h e c o n d u c t i v i t y of t h e .upper sLir.face 
On u s i n g e q u a t i o n (9 .8 ) g i v e s 
E = 
^•V7 0" /^ 
"dF 
^ 1 - ?!tanh(M/^) 
^^ M 
S + 2 
2tanh(M/^) 
M 
( 9 . 1 0 ) 
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^2 \ 
where S„ = ~-±—^^ i s a d i m e n s i o n l e s s p a r a m e t e r . 
Combining e q u a t i o n s (9 . 8 ) and ( 9 . 1 0 ) , we g e t 
ju M"^  dx ( 9 . 1 1 ) 
I n t e g r a t i n g e q u a t i o n (9 .3 ) w i t l i t h e bounda ry c o n d i t i o n s 
( 9 . 5 ; g i v e s 
U- ^ \ (9.18) 
Ccmbining e q u a t i o n ( 9 . 6 j , - ( 9 . 1 1 ) and (9 .12) .we o b t a i n 
d_ 
dx 
M M^ -^ ^ 
^ dp J (1-f S^) ( | - t a n h | ) 2ii 
/M-'5 ^^ - s_ + P t a n h ( M / 2 y 
2 • M 
-l-^Pe-P) (9 .13 ) 
T h i s e x p r e s s i o n d e t e r m i n e s t h e p r e s s u r e of t h e l u b r i c a n t 
i n t h e p r e s e n c e of t h e t r a n s v e r s e m a g n e t i c f i ^ l d . 
9 . 2 MHD PARTIAL POROUS COiMriUCTING THRUGT PLATES 
C o n s i d e r t he flow of a c^induct ing l u b r i c a n t i n a 
s t e p p e d c l e a r a n c e be tween two p a r a l l e l p l a t e s . The f low f l v x 
i s s y m m e t r i c a l about t h e l i n e x = 0 . The u p ; . e r p l a t e i s 
p o r o u s i n t h e r e g i o n C _< x ^ KL and i t i s n o n - p o r o u s i n 
t h e r 3 g i o n K L _ < x ^ L , C ^ K _ < 1 . The p h y s i c a l s i t u a t i o n 
i s phown i n P i g . 9 . 2. I t i s assumed t h a t t h e u p p e r p l a t e i s 
made of c o n d u c t i n g m a t e r i a l . An i n c o m p r e s s i b l e c o n d u c t i n g 
l u b r i c a n t i s e x t e r n a l l y p r e s s u r i s e d t h r o u g h t h e p o r o u s r e g i o n 
which g e n e r a t e s a s y n m e t r i c a l p r e s s u r e d i s t r i b u t i o n i n t h e 
f i l m . The f i l m t h i c k n e s s , p r e s s u r e and t h e f low f l u x i n t h e 
-1-9 C 
two r e g i o n s a r e 
h = h^ , p = p - ^ , Q = 0 1 f o r 0 < X < KL 
h = hg , p = Pg , Q = Qg f o r KL < X < L 
Tile e q u a t i o n d e t e r m i n i n g t h e f low f l u x and t h e p r e s s u r e i n 
t h e reg i '>n C _< x ^ KL a r e g i v e n froir e q u a t i o n s ( 9 . 1 1 ) hXid 
(9 .13 ) a s f o l l o w s 
Ql= 
I' M 5 dx 
M^h^ M i l 
" a + S g ; ^ ) ( - | - ^ - t . j a h - | - ^ ) 
M ii. 
Sgi-f 2 t a n h ( -f- ) 
W 
(9.14) 
dx 
2h 3 
. M | 
M„h. M„h, 
dx I 
hi"-
M h 
_2. 
•^2^1 
" i ^ ^ P e " P i ' 
( 9 . 1 5 ) 
w h e r e Mg = B ^ h g ( c r / p ) V 2 , _ ^ 2 ^ C \ 
' " a ~ 0- h^ 
:i, = h„ + h and h i s the step height. 
J~ ^ Q S 
Jrom equation (9.11), the expression deteimining the pressure 
p in the region KL _< x _< L i s given by 
-191 
M, 
dx ~ 
22 
2tsa i ] i ( -^) 
Mo M 
(l+Sgg) ( 2^ - tazih •^) 
(9.16) 
where S^„ = "^.v.^ axid Q„ i s constaxit i n t h i s non-porous 22 cr hg 2 
reg iun . I n t e g r a t i n g equat ions (9.15) and (9.16) and us ing 
the boundary cond i t ions 
dp 1 
= 0 at X dx 
X = L , g i v e s 
0 > P-i = Pp a"t X = KL and p = 0 at 
Pi = Pe ' P^ ~ 
/IMJL QJI-K) F 1 
2b h: 
cosh 
Pl^ 
ccsh p^K 
(9.17) 
2b h^ 
. ( I - x) (9.18) 
where p.. 
- 2tanh - ^ 
^1 ^1 ^ ^22 - M T ^ — ) 
i\-^ S_J( M. £ i - t 
M h^ 
anh -'f ••-• 
2 t a n h _£ 
¥. 
22 
1 
(l.Sgg) ( - / - tanh f-) 
« aiid +.. * " 
s^s^^g 
-19 g 
From t h e c o n t i n u i t y of t h e f l u x a t x = KL we g e t 
^1 
x=KL x-KL 
wti ich from e q u a t i o n s ( 9 . 1 4 ; and ( 9 . 1 7 ) i m p l i e s t h a t 
Q = 
2^ ^2 Pe 
r^ U (1 - K) P^ + 
0 0 t h p-^K' 
h^2 
( 9 . 1 9 ) 
where F^ = 
M h^ M h^ 
(h-^ + s^g) ( -j-^ - tanh -f-^) 
hz"-
M h. 
2 t a n h ( - | - ^ ) 
M, 
S u b s t i t u t i n g t h e e x p r e s s i o n f o r Qp i n e q u a t i o n ( 9 . 1 7 ) and 
( 9 . 1 8 ) we g e t t h e f i n a l e x p r e s s i o n s f o r p-^  and Pp a s 
P l = Pe 1 ' 
c o t h p^K cosh £ l f 1 
L 
^1^1-^2 ^ 1 " ^ ) + c o t h p^KJ cosh p^K 
( 9 . 2 0 ) 
^2 = 
P^ p 
L P ; L ( 1 - K ) + 
c o t h p-,K' 
2 ^1 
. ( L - X ) ( 9 . 2 1 ) 
The l o a d car i ry ing c a p a c i t y of t h e b e a r i n g i s g i v e n by 
KL 
A'l = 2h / p. fix + 2b / p_ dx 
KL 
-19 3 
L 3infe e q u a t i o n s (9 .20 ) and ( 9 . 2 1 ) , t h e l o a d c a p a c i t y i n 
d i m g n s i o n l e s s form i s g i v e n by 
•'1 
T 
2bPgL 
1 r 1 
P^ L P n ^ . f f ^ d - K) + COth p 'K 
'1 «- P l ^ l " 2 
F^  [ l - K(g- K)] 
1 J 
[. 2 P 3 _ ( l - K) + c o t h (3-,K •] 
(9.2?) 
The above r e s u l t s have already been obtained i n chapter VIII 
for K = 1, i . e . , when the upper surface i s to t a l ly norous 
and the film thickness i s uniform. 
The va r i a t ions of !-]_ with h^ are shown in Figs .9 . 4 ~ 
9.7 . I t can be seen from these f igures that W-, increasen 
as hn or h increases and i s always g rea te r than the 
corresponding case with uniform thickness . From Fig .9 .4 , 
i t can be pointed out that .for fixed K , 4? and S^ , the 
'I 22 
load capacity increases as Kp increases. It can be seen 
from Fig.9.5 , that W^ increases as K increases for fixed 
¥ , ^ and Spp . From Figs.9.6 and 9.7 , it is seen that 
for fixed M and K the load capacity increases as S 
or ^ increases. 
1 
22 
9 . 3 h&D PARTIAL POROUS COi^ JJUGTII^ G CIRCULAR TdRUrjT PLATES 
I n t h i s c a s e a l s o we c o n s i d e r t h a t t h e u p p e r p l a t e 
i s made of c o n d u c t i n g m a t e r i a l and i s p o r o u s i n t h e r e g i o n 
0 _< r _< KR and i s n o n - p o r o u s i n t h e r e g i o n KR _< r ^ R . 
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The lower p l a t e i s made of non-conducting mater ia l . The 
lubricaJit i s externally pressurised in the stepped clearance 
through the porous region of the upper p l a t e . The physical 
configuration i s shown in ? ig .9 .3 . The film thickness, 
pressure and the flow flux in the two regions are 
h = h^ , p 
h = h2 ' P 
p^ , Q = Q^  for 0 ^ r i KR 
P2 , Q ^ Qg f ^ r KR _< r i R 
The equations determining the flow flux and pressure i n the 
region C _< r ^ KR are given from equations (9.11), (9 .12) , 
(9.14) and (9.15) by pu t t ing x = r and b = 2nr as follows 
Ql = 4'n;r h dP-L dr 
(1. S,,) (-f^ 
-
M h^ 
- tanh - ^ ) 
2tanh ^ ! ^ 
' 2 1 ^ A 
(9 .2S) 
r d r 
M h^ M h^ 
rQh^ (l+S^) i-f-^ - tanh - | ^ ) 
^^2(^21 -
2tanh »,H 
'2h 
dp. 1 '4^  
Hl-^Pe"^!-^ 
(9.24) 
The equati jn determining the pressure p in_ the region 
rCR _< r ^ R i s given from equation (9.16) as 
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dp J 
4icr h 
rS 
gtazih ^ 
'22 "- M 
'^ 
M M 
t anil Y") • 
( 9 . 2 5 ) 
L q u a t i o n (9 .24) can be w r i t t e n a s 
d'^ p-, dF 
• 1 
' 1 . . 2 4-
1 . 
?£ d4 
^1^1 = 0 
1 
(9.26) 
wnere P^ = p ^ - p^ , ^ i = r p , , 
?2 
t ^ 2tanh -f-^ 
TC 2 — ) 
- tanii - | — ) 
and <p= V 
^2 ^ « . < 
Jiie boundary' cond i t i ons f o r p-j^  and p a re , 
dP' 1 
dr 
P 
0 
2 
0 
at 
at 
at 
r = 0 
T ^ KR 
r = R 
(9. 2? I 
or , equ iva l en t ly , 
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d P 
d s 
1 
1 
= 0 a t = 0 
P 1 P . " Po a t - = KR p e ^2 1 
P g ^ - O a t ^1 = R p 
The s o l u t i o n of e q u a t i o n ( 9 . 2 6 ; can b e w r i t t e n a s 
P^ = A I J r ^ ) + B K^ il^) 
vvhere I (f-, ) and K ' ( 5 ) a r e t h e m o d i f i e d B e s s e l f u n c t i o n s 
of f i r s t and second k i n d of zero o r d e r r e s p e c t i v e l y , and A 
and B a r e t h e a r b i t r a r y c o n s t a n t s . S i n c e P-, i s f i n i t e a t 
'^-^- 0 and K (^-,) h a s an i n f i n i t e s i g u l a r i t y a t ;-j^ 
we must have B == 0 , t h e n we g e t 
0 
Pi = Pe - ^ l o U i ) ( 9 .28 ) 
S o l v i n g e q u a t i o n s (9 .25) and ( 9 . 2 8 ) and u s i n g t h e b o u n d a r y 
c o n d i t i o n s ( 9 . 2 ? ) , we g e t 
^1 P -
n M^ Q P InK 
p ^ -L & ^ i 
e 
•4TC h j 
Viil ( 9 . 2 9 ) 
P. 
/^ '^^ 2 % \ 
'iTi h? 
Ln(- R ( 9 . 3 0 ) 
where a KR P, 
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i'rom c o n t i n u i t y of t h e flow f l u x a t r = KH, we g e t 
Q 1 
r= KR E=KE 
w.uci i from e q u a t i o n s ( 9 . 2 3 ^ and (9 .29 ) i m p l i e s t h a t 
.3 4u ii^ 
Q. 
jULM V^ 
" ^ 2 '^2^1^°'2^ 
- F^triK 
(9.31) 
Substi tut ing the expression for Qp in equations (9.29) 
and (y.-30) , we get the f inal expression for p and p as 
fallows 
^ n ' ^ l ' 
1 -
I o ( a 2 ) - dr\K)F^^^a^l^ia^) 
X (9 .32 ) 
P. p 1 e 
P^ljIK -
^(^(ag) 
(9 .33 ) 
^2 ^ 2 ^1^«2^ 
The l o a d c a r r y i n g c a p a c i t y o f t h e b e a r i n g i s d e f i n e d a s 
KR R 
% = / 2nr p., d r + / 2Kr p d r 
2 o ^ KR 2 
wli ich on us i r ig e q u a t i o n s (9 .32 ) and (9 .33 ) g i v e s t h e 
d i m e n s i o n l e s s f«rm*of t h e l o a d c a p a c i t y a s 
•?^2 
\v = — 2 — - ^ K'^ =^=—^ 
'^ T / ^ r 
2 r.p^ H2 ag L I^Cag)-(GiK) P-^ P^ «2^1^"P 
•^1 
K^ U K + 2 J 
(9 .34 ; 
^2 °^ 2 ^1^«2) 
wnen t h e apper p l a t e i s t o t a l l y porous , t h e l o a d capac i ty 
cf the bea r ing f o r K = 1 reduces t o 
W = 1 - - _ V ^ (9.35) 
The ahove r e s u l t s have a l ready been ob ta ined i n 
chap te r \^III f o r K «= 1. The v a r i a t i o n s of \^^ ^^^^ ^1 ^^® 
shown i n ? i g s . 9 . B - 9 . 1 1 -
9 .4 GOi^ GLU SIGNS 
In t h i s chap te r , we have s tud i ed t h e e f f e c t s of 
f i lm th i cknes s , conduc t iv i t y and p o r o s i t y on the l o a d capacity, 
of the I.IHD porous t h r u s t b e a r i n g s us ing i ncompres s ib l e 
conducting l u b r i c a n t s i n the p resence cf t r a n s v e r s e l y fpplitci 
uniform magnetic f i e l d . 
The follovving conc lus ions may be drawn from the a n a l y s i s : 
( l ) The load capaci ty of the b e a r i n g s i s always g r e a t e r 
than t h a t of t h e corresponding b e a r i n g w i t h uniform 
t h i c k n e s s . 
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(g) The load capacity i n both the cases increases 
as the Hartmann number M increases for fixed 
step loca t ion K, po-rcsity parameter H? o r ^ 
and surface o«nductivity parameter Spp 
'(3) Por fixed parameters M , *^  or "^ and S , 
the load capacity of the bearings increases as 
the loca t ion of the step increases . 
(4) The load capacity of the bearings also increases 
as *1i or <fe or Spp increases when other 
parameters remain fixed . 
CHAPTLR - X 
EFFECTS OF ADmilVi^S IN EXv^ EEI^ 'ALLY PRESSURISED 
MAGi^ ETOHYDRODYNM:iC POROUS THRUST BEARING 
Tile c h a r a c t e r i s t i c s of c o n d u c t i n g l u b r i c a n t s u n d e r 
a p p l i e d e l e c t r i c and m a g n e t i c f i e l d s may f u r t h e r b e improved 
t h r o v g h c e r t a i n a d d i t i v e s t h a t may b e p r e s e n t i n t h e sys tem 
due t o i n t e r n a l p r o c e s s e s l i k e wear and t e a r o r i n c o r p o r a t e d 
e x t e r n a l l y . The most i m p o r t a n t f a c t o r t h a t g o v e r n s t h e 
b e h a v i o u r of such suspens ion© a s l u b r i c a n t s i s t h e i r v i s c o s i t y . 
The v i s c o s i t y of t h e b a s e l u b r i c a n t c h a n g e s w i t h t h e 
c o n c e n t r a t i o n of t h e a d d i t i v e s * B r a i t h w a i t e ( 1 9 6 7 ) , S e s h a d i l 
(1968) and Smith ( 1 9 7 1 ) . E i n s t e i n i n 1 9 0 5 , s u g g e s t e d t h e 
f o l l o w i n g model g o v e r n i n g t h e v i s c o s i t y of a d i l u t e s u s p e n g i c n 
of r i g i d s p h e r i c a l p a r t i c l e s u n i f o r m l y d i s t r i b u t e d i n 
Newtonian f l u i d a s 
ja = ja^ il + 2.5 C^ ) (10.1) 
where C i s the volume of the additives per unit of the 
base oil and JXQ i s the viscosity of the base oil. Since 
then various models have been proposed governing the 
viscosities of emulsions and dispersions, Sherman (196 2) and 
Rutger (1962). The generalised form of the model used to 
govern the viscosity of the suspension at low concentration 
-g09 
i s g i v e n a s , Shuk la and I s a (197 3) : 
^ = ^ ^ ( 1 + XG^ ) (10 ,2 ) 
wji3re > i s t h e p a r a m e t e r d e p e n d i n g upon t h e s i z e , shape 
and n a t u r e of a d d i t i v e s and C^ i s t h e volume c o n c e n t r a t i o n 
g o v e r n e d by t h e e q u a t i o n Df mass t r a n s f e r . B i r d e t . a l . ( i 9 6 0 ) . 
I n t h i s c h a p t e r we have s t u d i e d t h e e f f e c t s cf a d d i t i v e s 
i n a c o n d u c t i n g l u b r i c a n t on t h e p e r f o r m a n c e c h a r a c t e r i s t i c s 
vjf en e x t e m t l l y p r e s s u r i s e d p o r o u s t h r u s t b e a r i n g i n t h e 
p r e s e n c e of c o n s t a n t t r a n s v e r s e m a g n e t i c f i e l d . 
1 0 . 1 BASIC ECiUATIOl^ S 
C o n s i d e r t h e f low of an i n c o m p r e s s i b l e c o n d u c t i n g 
l u b r i c a n t w i t h v a r i a b l e v i s c o s i t y be tween two i n f i n i t e l y 
e x t e n d e d p a r a l l e l p l a t e s i n t h e p r e s e n c e of t r a n s v e r s e l y 
a p p l i e d m a g n e t i c f i e l d . The u p p e r p l a t e i s p o r o u s t h r o u g n 
w h i c h t h e l u b r i c a n t i s i n j e c t e d i n t o t h e b e a r i n g u n d e r 
e x t e r n a l l y a p p l i e d p r e s s u r e and t h u s i t g e n e r a t e s a 
s y m m e t r i c a l p r e s s u r e d i s t r i b u t i o n i n t h e f i l m . The s i t u a t i o n 
i s shown i n F i g . i L . l . 
The b a s i c e q u a t i o n s g o v e r n i n g t h e f lew cf t h e l u b r i c a n t 
v^ith v a r i a b l e v i s c o s i t y ytA u n d e r u s u a l a s s u m p t i o n s of 
l u b r i c a t i o n t h e o r y a r e , Kuzma (196 5 ) , D.owson ( l 9 6 2 ) : 
dp 5 5u 
° = " d i ^ a ^ (/*a^)-Bg(ru (10.3) 
du 9v 
-ao 
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w h e r e B i s t h e a p p l i e d m a g n e t i c f i e l d i n y - d i r e c t i o n , and 
Q ~ i s tile c o n d u c t i v i t y of t h e l u b r i c a n t and u. i s t h e v a r i a t l e 
v i s c Q - s i t y of t h e l u b r i c a n t g i v e n by e q u a t i o n ( l O . 2) 
The boundary c o n d i t i o n s f c r u pnd v a r e 
u = 0 a t y = 0 and y = h 
(10 .5 ) 
V = 0 a t y = 0 and v =-Va a t y = la 
w h e r e Va i s t h e v e l o c i t y i n t h e p o r o u s channel and i s 
g i v e n by D a r c y ' s law a s 
w h e r e y u ' i s t h e v i s c o s i t y uf t h e l u b r i c a n t p r e s s u r i s e d i n t o 
t h e b e a r i n g ^ p i s he e x t e r n a l p r e s s u r e , H i s t h e 
t h i c k n e s s of t h e p o r o u s m a t r i x and CD i s t h e p e r m e a b i l i t y . 
The volume c o n c e n t r a t i o n of t h e a d d i t i v e s i s gove rned 
by t h e e q u a t i o n of mass t r a n s f e r wh ich on u s i n g t h i n f i l m 
a p p r o x i m a t i o n t h e o r y i s w r i t t e n a s B i r d e t . a l . ( i 9 6 0 ) , 
6 0 5^0 
u -r- = D ' + k 'C (10.^7) 
Sx s y 2 
w h e r e k ' i s t h e r a t e of l o s s o r g a i n i n G due t o cheiiilc.rl 
r e a c t i o n , a d s o r p t i o n , a d h e s i o n , c o r r o s i o n e t c . \ - i t h n e g l i ^ i ^ ^ I e 
d i f f u s i o n due t o c o n v e c t i o n and c o n c e n t r a t i o n changes i n 
x - d i r e c t i o n , t h e above e q u a t i o n r e d u c e s t o 
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d^ C 
= 0 (10.8 
Here i t i s assumed t h a t t h e r e i s no chemical r e a c t i o n i n the 
f i lm b u t t h e r e i s a p o s s i b i l i t y of g r e a t e r mass t r a n s f e r a t 
t h e p l a t e y = h by p r o c e s s e s such as chemical r e a c t i o n , 
ad so rp t i on , adhesion or cor ros ion e t c . . At t h e p l a t e y = C , 
t h e concen t ra t ion of the a d d i t i v e i s asr^imed to be p r e s c r i b e d . 
They may be e i t h e r due t o wearing out of c e r t a i n coa t ing on 
the su r face . Thus t h e boundary c o n d i t i o n s for t h e 
concen t r a t i on are given by 
C = C at y = 0 
D 4 ^ = k C at y = h 
(10 . .9 ) 
dy 
Solving equat ion (lO. 8 ) w i th the boundary c o n d i t i o n s (lO. 9 ; 
we get a l i n e a r r e l a t i o n s h i p of c o n c e n t r a t i o n as 
k y 
0 = C (1 + ) (10.10) 
° n-kh^ 
I f , t h e r e i s rxo mass t r a n s f e r a t y = h i . e . , when k = 0 , 
t h e system behaves as i f t h e bea r ing i s l u b r i c a t e d w i th an 
a d d i t i v e of uniform volume concen t r a t i on 0 
o 
Combining equat ion (lO. ?) and ( l O . l C ) , t h e modified 
v i s c o s i t y of the base l u b r i c a n t i s given as 
/^  =/^o 
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k y -1 
1 + X C^ (1 + ) (10.11) 
'^  D- kh I 
V/ith t M s expression for a , the momentum equation (lO. 3) 
ca;:! be wri t ten as 
(W'^ra^^^f -^ = ir f! '^ °-^ '^ i2 'o 
where C^  == 1 + >^ C^  and C = \G^ k / (D- k h) 
subst i tut ing f = 2a /c^ 7^ ^^ ~C y^ where a^ = ^ Q ^ ^ / A O ^S 
in equation ( l0 . l2 ) , we get 
r d S i + d U . ^ ^ ^ p ^ (l0.l3-> 
^^^^^ ^ = ^u^ 2 . 2 ) • dx 
1 dp 
2 
The general solution of equation ( l 0 . ] 3 ) i s writ ten as 
u = A IQ(C) + B K^(rj - p , (10.14; 
where I (^) and K (^) are the modified Bessel functions of 
f i r s t and second kind of zero order. A and B are arbitrary 
const ant s* 
The boundary conditions for u are 
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u = 0 at y = 0 or ^ = C-
u = 0 at y = h o r ^ = ^, 
(10.15) 
w here ^^ = Sa^O^ and %^ = Sa ^C_^ + C^ii . 
Using boundary cond i t ions f lO.lS) i n express ion (10 .14) , 
we get 
r 
u = 7)T 1 , ( 0 + 7]g K ^ ( o - 1 I . P 
where 
;ioa6) 
^1 = — 
\MJ_-^,u^ 
I ( 5 T ) K ( C J - K (c . ) I (€ 0 * 1 ^ o ^2'^  0 * 1 ^ o^^; 
B ^o^^l) - ^o^Cp) 
l o ( ? i ) K o ( 5 p ) - K , ( C i ) Ic (€p) 
The flow f lux of t h e l u b r i c a n t i s given by 
h 
Q = b / u dy 
V^i nich on us ing equat ion (10.16) g ives 
b h ^ dp Vr 1 
2a ^(C^h)3 a2(C^h)2 
(10.17) 
where 
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^ 3 = ^1 Cg IiCCg)- Si Ii(Ci)] - ^2 [^2 ^1^^2) - ^1 ^ l ^ y J 
I n t e g r a t i n g equat ion (10.4) and using the boundary c o n d i t i o n s 
(10. 5) , .we get 
d Q 
dx ^ ^ ^ ~ ^a 
(10.1b) 
j^rom equt-tions ( l O . 6 j , (IC'.l?) and ( 1 0 . 1 0 ) , we ob ta in the 
equa'oion de termining che p r e s s u r e as 
d 
dx 
h" 
1/^ 0 
dp 
dx 
V' 1^ 
.2cx^(C2h)3 a^iCJ-^)^ M'^^2 
(10.19 ) 
Solving equat ion (10.19) and u s i n g t h e cond i t ions 
dp 
dx 0 at X = 0 
p = 0 at X = — 
(10.20) 
we get 
cosh 
2(3x 
P . (1 
^ cosh p 
(10.21) 
where ^^ = \ . ^ 
/ ^ ' 
2 M ' ^ ( 1 - K ) 
•2ie 
(h 1,2 
<t> - i g t he d i m e n s i o n l e s s p c r o s i t y p a r a m e t e r , 
4Hg ii'^ 
1 k h 1 / -1 
M = B^h( Cr / i i ) '^ i s t i ie h a r t m a n n number, K = —^ 
i s t h e d imens i cn l e&s mass . t r a n s f e r p a r a m e t e r and 
7 1 3 = ^ 1 >7i(fg)-Ciii(Ci) - 'H, Vl^^"2^-^"lM?l) 
7)-, 
K (C J - K ( f. ) 
o ^2 o ^1^ 
0 ^ 1 ^ 0^*2 c^*!'^ 0^2"^ 
71 ^o(fl)-^c(52) 
' I , ( ? l ) K , ( ? g ) - K ^ ( l l ) I o ( f 2 ^ 
2M(1- f) ^1+XC 
• 1 X C K 
0 
't f g 
2M(1- K) / >GK 
/^ 1+},C + — ^ 
X C K o 1 - K 
The l o a d c a p a c i t y of t h e b e a r i n g i s g i v e n by 
L / 2 
\v = 2b / p . dx 
o 
( 1 0 . 2 2 ; 
U s i n g e x p r e s s i o n ( I O . 2 I ) f o r p i n e q u a t i o n ( l O . g g ) , t h e 
l o a d c a r r y i n g c a p a c i t y i n d i m e n s i o n l e s s form i s g i v e n by 
Vv t a n h p 
= 1 
b p L 
•^e 
( 1 0 . 2 3 ) 
The c a s e of c o n s t a n t c o n s i s t e n c y i n d e x h a s a l r e a d y b e e n 
d e a l t , I s a ( l 9 7 4 ) . 
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10. g RLSULTf /Li^ D UISCLSSIONS 
The v a l u e s of "Hg f o r d i f f e r e n t pa ramete rs a r e 
t^."::lutted by us ing polynomial approximat ion, Abramowitz ant^  
Segun (1968) and then the l oad capac i ty i s c a l c u l a t e d undov 
the p l a u s i b l e a s s u m p t i o n ^ = fJ.^ . The v a r i a t i o n s of V^ 
w i t h concen t r a t i on parameter >> C a re shown i n P i g s . 1 0 . 2 
0 
to 10.5 . From Pig.10.2, i t i s observed tha t the load 
ccpacity increases as ^ C iiior-«ases ffir fixed Hartmannnu^er. 
t add porosi ty parametex' ^ and i t i s fur ther seen that 
\i increases as mass t ransfer parameter K increases for 
fixed parameters ^ ^Q ' ^'"^ ®^^ ^ * I't i s also noted 
from Figs. 10. 3 and 10.4 that the r a t e of incx-ease with 
concentration in l«ad capacity at lower magnetic f i e ld io 
g rea t e r as compared to that at higher magnetic f i e l d s . Fron. 
'•'\lg.l0.5 i t i s pointed out that the load capacity increase^ 
as the parameter 4? character is ing the porosi ty i n c i e a s s s . 
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